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ABSTRACT 

Walker,  Richard  Davldo  Ph.D.,  Purdue  Dniversity,  June,  1961. 
Significance  of  Layer  Deflections  in  Evaluating  Flexible  Pavements « 
Major  Professors  Eldon  J.  Yoder. 

To  discover  what  has  gone  wrong  with  highways  now  in  use  and  to 
find  what  makes  our  good  highways  perform  well  is  essential  to  the  de- 
velopment of  an  effective  method  of  pavement  design.  To  this  end,  a 
system  for  evaluating  the  structural  performance  of  existing  pavements 
is  required.  One  system  of  evaluation  and  its  effectiveness  is  de- 
scribed. 

The  Indiana  Test  Road,  located  on  U.  S.  31  near  Columbus,  Indiana, 
is  used  to  develop  the  evaluation  methods.  Procedures  such  as  the 
analysis  of  existing  crack  patterns  and  wheel  track  rutting  and  their 
relationships  to  subgrade  soil  type  are  examined.  Total  deflections, 
measured  with  a  Benkelman  beam,  are  analysed  in  an  attempt  to  establish 
a  relationship  between  deflection  and  the  cracking  that  occurred  on  the 

test  pavement. 

Failure  to  establish  total  deflection  as  an  indicator  of  the  pave- 
ment behavior  led  to  the  development  of  a  method  using  the  Benkelman 
beam  to  measure  deflections  of  the  individual  layers  of  the  pavement 
structure.  Four  inch  holes  were  drilled  to  the  interface  of  the  dif- 
ferent layers  of  the  pavement,  and  the  holes  were  cased  with  pipe.  Steel 
rods  were  referenced  at  the  bottom  of  each  hole,  extending  upward  to  near 
the  top  of  the  pavement.  A  device  was  developed  that  attached  to  the 
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probe  end  of  the  Benkelman  beam  and  rested  on  the  reference  rod.  Mea- 
surements were  made  under  rear  axle  loads  of  12,000,  18,000,  ??,000  and 

27,000  pounds  0 

Relative  modulus  values  using  layer  deflections  were  calculated  to 
compare  properly  the  relative  deflection  of  one  pavement  layer  with 
another.  Boussinesq  theory  of  stress  distribution  was  used  as  a  basis 

of  the  calculations o 

The  important  conclusions  reached  by  this  study  were  that  total  de- 
flections may  be  ineffective  in  establishing  the  cause  of  flexible  pave- 
ment cracking  and  that  knowledge  of  the  individual  layer  deflections  Is 
required  in  order  to  evaluate  a  pavement  fully. 


PART  I 
STATEMENT  OF  THE  PROBLai 


INTRODUCTION 

A  flexible  pavement  consists  of  a  relatively  thin  wearing  surface 
constructed  on  base  and  subbase  courses.  These  rest  upon  the  compacted 
subgrade.  By  definition,  for  this  study,  the  thickness  of  the  pavement 
includes  all  pavement  components  above  the  compacted  subgrade.  The 
strength  of  a  flexible  paven»nt  is  derived  from  the  distribution  of 
load  over  the  subgrade  through  the  surface,  base,  and  subbase  courses 
rather  than  from  the  so  called  "beam  action"  of  the  pavement  as  a  whole. 

Unlike  rigid  (portland  c«ment  concrete)  highway  pavements,  the 
thickness  design  of  flexible  pavement  is  influenced  to  a  large  extent 
by  type  of  subferade.  Where,  for  given  traffic  conditions,  a  thickness 
of  ten  inches  of  portland  cement  concrete  might  be  adequate  for  every 
section  of  a  state  (indeed,  perhaps  for  every  section  of  the  country), 
the  required  thickness  of  a  flexible  pavement  might  ideally  be  changed 
every  mile  of  a  highwayo  It  is  difficult  to  establish  what  an  adequate 
thickness  is,  and  which  of  several  adequate  combinations  of  layer  thick- 
nesses will  be  the  least  costly  in  the  long  run. 

However,  before  an  effective  design  method  can  be  developed  for 
flexible  pavements,  a  method  must  be  found  to  evaluate  properly  our 
existing  highways .  To  be  able  to  discover  what  has  gone  wrong  with 
some  highways  now  in  use  and  to  find  what  makes  our  good  hi^ays  per- 
form well  is  essential.  It  is  not  enough  to  know  that  certain  pavement 
types  and  thicknesses  have  produced  good  or  bad  results;  we  must  also 
know  why  they  have  done  so. 


Many  states  are  now  trying  to  evaluate  their  existing  flexible 
pavements  by  one  or  more  methods,  among  the  more  popular  of  which  is  one 
based  on  deflection  measurements «  Towards  this  end,  the  Benkelinan  beam, 
which  was  developed  at  the  WASHO  Road  Test  early  in  1953,  has  become 
very  popular  as  a  simple  portable  device  for  measuring  total  pavement 
deflections  under  actual  truck  loadings. 

In  general,  analysis  of  deflection  data  in  pavement  evaluation  is 
aimed  at  establishing  critical  maximum  deflections  for  pavements  that 
have  given  good  service.  Thus,  if  a  pavement  deflects  more  than  the 
critical  amount,  poor  performance  can  be  expected. 

Although  progress  has  been  made  in  this  direction,  much  remains  to 
be  learned,  e.g.  what  represents  pavement  failure?  One  who  is  interested 
in  reading  an  excellent  work  in  this  area  is  referred  to  a  paper  by  Carey 
and  Irick  (1)«.  Along  this  same  line  of  questioning,  what  are  the  symp- 
toms a  highway  pavement  might  show  before  it  can  be  considered  to  be  a 
failed  pavement  or  to  be  a  pavement  with  poor  rifling  qualities?  Can 
these  symptoms  also  be  related  to  some  criteria  such  as  deflection? 
These  factors  represent  essential  considerations  in  progress  towards  an 
effective  method  of  pavement  design. 

In  this  thesis,  techniques  are  explored  that  might  be  useful  in 
evaluating  existing  pavements  and  answering  seme  of  the  above  questions. 
Use  Is  made  of  the  Benkelman  beam  for  measuring  not  only  total  deflec- 
tions, but  also  deflections  of  individual  pavement  layers.  Also  the  Im- 
portance of  rutting,  pavement  cracking,  and  soil  type  is  discussed.  The 
role  of  elastic  behavior  and  modulus  of  elasticity  is  considered  as  a 
tool  for  analysing  pavement  behavior. 


*  Numbers  in  parentheses  refer  to  references  listed  in  Bibliography, 


FLEXIBLE  PAVEMENT  BEHAVIOR  AND  DEFLECTIONS 

Flexible  Pavement  Behavior 

The  greatest  application  of  deflection  criteria  has  dealt  with  the 
elimination  of  pavement  failure  resulting  from  excessive  plastic  deforma- 
tion of  the  underlying  materials ,  These  failures  occur  when  permanent 
deformation  of  the  soil  is  of  such  a  magnitude  as  to  create  an  uneven 
riding  surface  and  to  cause  cracking  of  the  surfacing  material.  Current 
pavement  design  methods  have  greatly  reduced  these  failures  j  therefore , 
fatigue  type  failures  due  to  recoverable  deformations  of  the  pavement 
and  its  foundation  have  grown  in  importance.  (2) (3) 

These  recoverable  deformations  have  in  the  past  been  assumed  to  be 
small  and  normally  insignificant  in  most,  if  not  all,  methods  of  design. 
For  this  reason,  these  deformations  might  be  used  to  explain  some  of  the 
pavement  failures  which  occur  when  established  design  methods  are  used. 

(2)(3) 

During  the  past  few  years,  the  concept  has  developed  that  under  the 
single  application  of  a  moving  wheel  load  on  a  pavement  surface,  nearly 
elastic  behavior  exists.  Assuming  that  recovery  of  voliune  change  and 
behavior  in  accordance  with  Hooke's  Law  are  major  requirements  for  elas- 
tic action,  the  only  apparent  non-elastic  effect  with  reference  to  a 
single  load  is  that  a  measurable  amount  of  time  is  required  for  complete 
rebound.  Baker  and  Papazian  (U)  point  out  that  "perhaps  one  of  the  rea- 
sons for  the  little  use  made  of  the  apparent  elastic  behavior  of  flexible 
pavements  is  their  obviously  non-elastic  ultimate  behavior," 


Hveem  (5)  has  studied  pavement  distress  and  deflections  rather  ex- 
tensively in  California.  He  believes  that  the  most  severe  stresses  in 
the  pavement  are  associated  with  compression  and  rebound  in  the  upper 
layers  of  the  embankment  which  may  produce  sharper  bending  and  consequent- 
ly greater  stress  in  the  pavement  slab  than  compressions  in  the  lower 
layers.  A  moving  wheel  load  causes  changes  in  state  of  stress  in  every 
portion  of  the  pavement  in  the  wheel  path.  The  magnitude  of  vertical  de- 
flection is  not  of  itself  completely  significant,  as  the  tendency  to 
break  or  rupture  the  pavement  will  depend  primarily  upon  the  sharpness 
of  the  arc  or  curvature  of  the  pavement  surface. 

Jeuffroy  (6)  suggests  that  modem  flexible  pavements  with  thick 
surfaces  constitute  a  transition  between  the  classic  flexible  pavement 
and  Portland  cement  concrete  pavements.  Cracking  in  these  thicker  sur- 
faces is  due  to  flexure  and  fatigue.  Concerning  open  longitudinal  cracks 
in  these  pavements ,  Jeuffroy  says  these  cracks  can  be  caused  by  heavy 
loads  causing  negative  bending  stresses  on  planes  parallel  to  the  road 

axis* 

Hveem  (5)  makes  an  interesting  comment  concerning  pavement  thick- 
ness J  "A  thin  pavement  may  serve  quite  well  over  resilient  soils  where 
a  heavier,  stronger,  but  more  rigid  or  brittle  type  will  crack  and  per- 
haps show  other  signs  of  failure."  Of  course,  many  thin  pavements  fail 
due  to  causes  other  than  fatigue  or  bending. 


Pavement  Deflection  Measurements 

Highway  engineers  have  been  measuring  pavement  deflections  under 
various  kinds  of  load  for  many  3rears.  Probably  the  most  common  type  of 
measurement  made  has  been  in  the  plate  load  test  where  settlement  is 
measured  as  the  load  on  a  circular  steel  plate  is  steadily  increased. 
This  test  does  not  use  a  loading  procedure  that  can  be  compared  with 
the  loads  produced  by  actual  traffic. 

Hveem  ($),  in  1938,  was  one  of  the  first  to  try  to  measure  flexible 
pavement  deflections  under  vehicular  load.  He  used  a  General  Electirlc 
travel  gauge  to  measure  deflections  of  pavements  under  rapidly  moving 
wheel  loads.  This  gauge  was  installed  in  the  pavement  surface.  A 
cased  reference  rod  was  installed  at  various  depths,  the  top  of  the  rod 
moving  through  the  gauge  producing  an  electrical  impulse.  Other  inves- 
tigators (7)  have  used  LVDT  (linear  vartable  differential  trans formeirs) 
which  operate  in  a  similar  fashion.  Baker  (8)  describes  a  photogram- 
metric  technique  for  measuring  pavement  surface  deflections  under  dyna- 
mic loading.  These  three  methods  all  have  advantages  and  disadvantages; 
not  the  least  of  the  disadvantages  is  the  cost,  difficulty  of  installa- 
tion, and  complexity  of  the  equipment  used. 

Development  of  Benkelman  Beam 
A.  C.  Benkelman,  early  in  1953,  while  assigned  by  the  Bureau  of 
Public  Roads  to  the  WASHO  Road  Test,  developed  a  lever-arm  type  of  beam 
device  that  was  capable  of  recording  deflection  at  the  road  surface. 
Since  this  device  was  used  to  obtain  most  of  the  data  for  this  thesis, 
the  remaining  discussion  in  this  section  will  concern  its  description 
and  use. 


Also  called  a  lever  arm  deflection  indicator,  the  BenkeLnan  beam 
is  simply  a  long  lever  arm  with  a  three  point  support  pivoted  fulcrum. 
As  originally  used  at  the  WASHO  Road  Test,  the  lever  arm  or  probe  ex- 
tended between  the  tires  of  the  dual  wheel  of  a  loaded  truck  a  distance 
of  four  feet,  five  inches  beyond  the  dual  wheel  axle  under  the  truck. 
The  truck  moved  forward  at  creep  speed,  and  readings  were  taken  before 
the  truck  moved,  at  maximum  deflection,  and  after  the  truck  had  pulled 
beyond  the  influence  of  the  beam  probe.  By  the  completion  of  the  WASHO 
Road  Test,  the  Bonkelman  beam  was  perfected  and  proved  to  a  point  where 
it  became  a  generally  accepted  device  for  measuring  surface  deflections 
of  pavements,  (7)(9)(10)(ll)(12) 

Use  of  Benkelman  Beam 
The  Canadian  Good  Roads  Association  was  perhaps  the  first  national 
organization  to  support  extensive  use  of  the  Benkelman  beamo  They 
adopted  a  procedure  different  from  that  of  the  WASHO  Road  Test,  because 
they  felt  that  by  extending  the  probe  under  the  tinick,  both  the  refer- 
ence feet  of  the  beam  and  the  probe  end  were  often  affected  by  the 
close  proximity  of  the  wheel  load  before  the  test  began.  The  CORA 
procedure  is  to  place  the  probe  between  the  tires  directly  under  the 
axle,  and  then  to  drive  the  truck  away  at  creep  speed o  They  have  also 
standardized  the  wheel  load  at  9,000  pounds  and  tire  pressure  at  80 
psi  (this  load  and  tire  pressure  give  nearly  circular  tire  imprints). 
By  placing  the  probe  directly  under  the  axle,  the  reference  feet  were 
eight  feet  away  from  the  load,  and  the  probe  end  was  in  position  of 
maximum  deflect iono  In  all  but  a  few  rare  cases,  it  was  found  that 


the  eight  foot  distance  was  stif ficient  to  prevent  the  reference  feet 
from  being  influenced  by  the  load.  (lO) 

Typical  use  of  the  Benkelman  beam  in  an  extensive  pavement  evalu- 
ation program  in  Canada  is  described  by  Davis,  McLeod,  and  Bliss.  (13) 
Ten  outer  wheel  path  deflection  measurements  were  taken;  location  of 
each  was  chosen  at  random  within  a  specified  length  of  pavement.  The 
deflection  value  that  was  exceeded  by  only  ten  percent  of  the  pavement 
length  was  used  as  the  best  indicator  for  pavement  performance.  The 
authors  pointed  out  that  the  average  deflection  value  might  work  as 
well  only  if  the  standard  deviations  of  the  measurements  of  each  test 
section  were  the  sameo  Their  experience  has  shown  that  this  was  not 

the  casee 

Huculak  (lU)  of  Canada  describes  the  use  of  the  Benkelman  beam 
in  the  evaluation  of  a  failed  pavement.  About  200  feet  of  the  Banff- 
Jasper  Highway  was  showing  serious  distress  in  the  form  of  alllgator- 
Ing  and  plttingo  The  beam  was  used  to  evaluate  the  entire  area  to 
show  exactly  where  reconstruction  was  to  be  accomplished.  They  found 
that  the  degree  of  surface  deterioration  agreed  with  the  magnitude  of 
the  surface  deflection  as  follows: 

1.  The  pavement  had  pitted  out  in  areas  where  the  deflections 
were  greater  than  0.275  inches. 

2.  Where  deflections  were  greater  than  0.135  Inches,  the  pave- 
ment had  reached  the  alllgatoring  stage, 

3.  At  deflections  of  0,090  inches  and  greater  there  was  notice- 
able rutting o 

Using  these  values  as  a  guide  it  was  decided  to  reconstruct  all  areas 
showing  a  deflection  of  greater  than  0.0U5  inches. 


Another  use  of  the  Benkelman  beam  is  described  by  Sebaatyan  (1^)  of 
Canada.  He  describes  work  which  correlates  Benkelman  beam  deflection  mea- 
surements with  plate  load  tests.  He  compares  the  secant  modulus  obtained 
from  plate  load  tests  with  the  secant  modulus  obtained  by  beam  deflection. 
The  definitions  of  the  secant  modulus  were  as  follows  J 
tan  °<L  =  secant  modulus  of  plate  test  =  A/B 

A  =  load  on  a  30  inch  diameter  plate  at  10  repetitions 

at  0.5  inch  deflection 
B  =  0.5  inch  deflection 
tang  =  secant  modulus  of  beam  deflection  test  -  A'/B' 
A'-  9,000  pound  wheel  load  at  80  psi  tire  pressure 
B IS. deflect ion  measurement  in  inches 
Sebastyan  also  discusses  vertical  stress  distribution  while  comparing 
distribution  of  stresses  under  a  plate  with  those  under  a  tire. 

Williams  and  Lee  (16)  have  reported  a  study  which  consisted  essen- 
tially of  a  series  of  load  deflection  tests  in  the  spring  and  fall  of 
each  year.  Using  the  WASHO  Road  Test  Benkelman  beam  procedure,  they  at- 
tempted to  correlate  the  deflection  data  with  some  of  the  variables  known 
to  affect  pavement  behavior.  They  found  that  their  springtime  measure- 
ments, using  a  11,200  pound  dual  wheel,  were  approximately  0.035  inches, 
while  in  the  fall  the  measurements  were  about  0.02^  inches.  They  found 
no  general  correlation  between  deflection  and  pavement  distress. 

Some  of  the  moat  comprehensive  work  using  the  Benkelman  beam  as 
well  as  other  measuring  devices  (LVDT's)  is  being  accomplished  at  the 
AASHO  Road  Test  in  Ottawa,  Illinois.  Since  the  testing  is  not  complete 
at  this  writing,  results  have  not  been  published. 


WASHO  Road  Test  deflection  results  (17)  have  been  discussed  by 
Benkelman  (18)  with  his  conclusions  concerning  for  the  most  part  com- 
parisons of  pavement  edge  and  center  deflections.  Hcnrrever,  it  is 
interesting  to  note  the  magnitude  of  deflections  that  were  obtained. 
With  four  inch  asphaltlc  concrete  surface  on  base  thicknesses  ranging 
from  two  to  eighteen  inches,  outer  wheel  path  deflections  ranged  from 
0,11  inches  for  the  two  inch  base  to  0.025  inches  for  the  eighteen 
inch  base.  Loads  ranged  up  to  U0,000  pounds  on  a  tandem  axle. 
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PURPOSE  AND  SCOPE 
The  piirpose  of  this  thesis  was  to  develop  and  study  a  practical  step 
by  step  procediire  for  evaluating  the  cause  of  distress  in  a  flexible 
layered  system  type  of  pavement  and  to  validate  its  usefulness.  Emphasis 
was  placed  on  determining  whether  or  not  total  pavement  deflections  are 
effective  in  evaluating  pavement  distress,  this  being  a  design  criterion 
that  is  used  by  many  engineers. 

The  particular  case  used  for  this  investigation  was  the  Indiana  Test 
Road,  located  on  U.  S,  31  near  Columbus,  Indiana.  This  road  was  built  un- 
der closely  controlled  conditions  over  four  major  subgrade  soil  types. 
More  important,  it  has  two  major  defects,  rutting  and  cracking.  To  deter- 
mine from  what  these  defects  result  was  the  object  of  this  study. 

Theory  has  indicated  that  deflection  Is  a  function  of  load  and  elas- 
tic modulus,  E  (18).  It  is  known  that  pavement  rutting  is  related  to 
plastic  deformation  and  that  fatigue  is  associated  with  elastic  deforma- 
tion. Therefore,  analysis  of  cracking,  rutting,  and  deflections  were 
used  to  evaluate  the  Teat  Road, 

To  date,  total  deflections  have  been  used  in  an  arbitrary  manner, 
such  as  setting  0.0$  inch  deflection  as  demarcation  between  good  and  poor 
pavements.  Whether  or  not  this  type  of  criteria  is  valid  was  investi- 
gated. To  this  end  a  study  of  Individual  pavement  layer  deflections  was 
made.  As  a  means  of  evaluation  of  layer  deflections,  relative  moduli 
values  were  used.  An  evaluation  of  procedures  used  is  presented  and 
conclusions  are  drawn  as  to  their  effectiveness. 
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INDIANA  TEST  ROAD  -  U.S.  ROUTE  31  (19) 

In  February  19^1,  the  Indiana  State  Senate  charged  the  State  High- 
way Department  with  the  responsibility  of  conducting  an  experiment  to 
determine  the  relative  merits  of  flexible  and  rigid  pavements.  In  com- 
pliance the  department  selected  U.So  Route  31,  from  1.8  miles  northwest 
of  Columbus  to  21.8  miles  north  of  the  Bartholomew-Johnson  County  line, 
as  the  pavement  comparison  site. 

This  area  is  along  the  southern  border  of  the  Wisconsin  drift  and 
is  crossed  by  the  Shelbyville  and  Champaign  moi-ainese  The  entire 
length  of  the  project  parallels  the  border  of  Wisconsin  drift. 

There  are  approximately  Uo3  miles  of  flexible  pavement  in  the 
southbound  direction  of  this  dual  lane  construction  and  2o8  miles  in 
the  northbound  direction.  The  road  was  opened  to  traffic  on  December 
11,  1953. 

Design 

The  flexible  pavement  design  was  based  upon  a  combination  of  the 
Corps  of  Engineers  CBR  method  and  the  Group  Index  method.  Soil  types 
ranged  from  A-l-a  sands  and  gravels  to  a  plastic  A-6  clay  (AASHO  soil 
classification).  The  basic  design  of  the  pavement  structure  was  as 
follows  I 

1  inch  -  asphalt Ic  concrete  surface  course 

1^  Inches  -  asphalt ic  concrete  binder  course 

2^  Inches  -  asphaltic  concrete  base  course 

8  inches  -  waterbound  macadam  base  course 
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^  inches  (inside  edge)  to  8  inches  (outside  edge)  -  open-graded 
drained  granular  subbase  course 

Construction 
The  subgrade,  after  compaction  to  100  percent  of  the  maximum  stan- 
dard AASHO  value,  received  at  least  two  coverages  with  a  heavy  pneumatic 
roller  (20-3$  tons  gross  load  and  50-70  psi  tire  pressure). 

The  subbase,  which  was  open-graded  and  had  an  average  of  2.8  per- 
cent fines  passing  the  No.  200  mesh  sieve,  was  compacted  with  a  multiple 
shoe  vibrator  following  initial  compaction  to  100  percent  of  maximum 
standard  AASHO  density.  Since  the  subbase  lacked  cohesion,  the  heavy 
pneumatic  compactor  could  not  be  used.  The  multiple  shoe  vibrator  was 
not  employed  until  the  top  two  and  one-half  Inches  were  mixed  with  70 
pounds  per  square  yard  of  limestone  screenings. 

Crashed  stone  was  used  in  the  construction  of  the  waterbound  maca- 
dam base  course.  Each  layer  was  compacted  with  a  multiple  shoe  vibrator 
and  a  heavy  pneumatic  roller. 

A  60-70  penetration  asphalt  was  used  In  all  three  bituminous  con- 
crete layers  in  percentages  of  U.$,  5,  and  6  percent  for  the  base,  binder, 
and  surface  courses  respect Ivelyo 

Observance  of  Cracking  and  Rutting 
Early  in  1957,  longitudinal  cracking  began  to  appear  in  several 
locations  of  the  flexible  pavement.  The  cracking  was  generally  associ- 
ated with  both  wheel  tracks.  TThere  the  cracking  was  severe,  some 
transverse  cracking  was  apparent.  Examples  of  the  cracking  are  illus- 
trated in  Figure  1.  Wheel  track  rutting  was  observed  at  the  same  time 


-U 


FIG. I    EXAMPLE  OF  PAVEMENT 


CRACKING 
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as  the  crackingo  In  general  the  rutting  did  not  exceed  0.5  inches,  but 
It  occurred  throughout  the  road. 


PART  II 
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CRACKING,  RDTTINQ,  AND  SITRFACE  DEFLECTION  STUDY 

Cracking  Study 
Complete  crack  data,  in  the  form  of  scale  maps  of  the  test  road, 
have  been  available  through  "Test  Road  Committee  Memoranda"  published 
by  the  State  Highiray  Department  of  Indiana.  The  most  recent  data,  ob- 
tained in  March  I960,  were  used  in  this  study  (20). 

Cracking  and  Soil  Type 
In  Table  1  are  tabulated  the  average  linear  feet  of  cracks  per  sta- 
tion (100  feet)  for  the  four  basic  soil  types*  found  under  the  flexible 
pavement  test  sections.  All  cracks  are  included  except  those  which 
seemed  to  delineate  the  pavement  centerline  giving  the  appearance  of  a 
plane  of  weakness  or  a  "cold  joint." 

Table  1.  Relationship  Between  Cracking  and  Soil  Type,  January-February 
I960 


Soil  Type 

Number 
Stations 

Linear  Ft.  Cracks 

Average 

Linear  Ft.  Cracks 

per  Station 

A-1 

39 

U,81U 

123 

A-2 

53 

5,863 

111 

A-U 

177 

23,901 

135 

A-6 

109 

11,138 

102 

All 

378 

U5,716 

121 
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Table  1  shows  that  more  cracks  have  occ\irred  in  the  pavement  built 
over  the  A-U  subgrade  than  pavement  built  on  the  other  subgrade  tjrpes. 
Also  shown  is  that  fewer  cracks  have  resulted  in  pavement  built  on  A-6 
subgrades . 

Other  Relationships 
As  indicated  by  Table  2,  the  greater  nvimber  of  cracks  occurred  in 
the  traffic  lane  as  compared  to  the  passing  lane. 

Table  2.  Relationship  Between  Lane  Type  and  Cracking 


Soil  Type             A-1        A-2         A-U  A-6 
Eane             Traf-  Pass-  Traf-  Pass-  Traf-  Pass-  Traf-  Pass- 
fie   ing  fie   ing    fie   ing  fie   ing 

Noo  of  Stations      39    39 


Ft.  Cracks /station    68    56 

Difference         /12 

%   Cracks  Traffic        55 
Lane 

Table  3  presents  the  data  according  to  wheel  path.  There  appears 
to  be  little  relationship  between  cracking  and  location  of  wheel  path. 
This  may  be  partly  due  to  the  examiner's  inability  to  assign  properly 
a  crack  to  a  wheel  path.  Also,  many  of  the  cracks  are  not  actually 
associated  with  the  wheel  paths. 

Another  factor  that  may  have  an  effect  on  pavement  performance  is 
pavement  surface  thickness  (bituminous  concrete  surface  and  base  courses 
combined).  Table  k   s^llIBnarizes  the  cracking  data  with  relation  to  the 


53   53 

177   177 

109   109 

6lli  12U9 

17683  6218 

8708  2U30 

87   2U 

100   35 

80   22 

/63   - 

/65   - 

/58   - 

79 

7U 

78 
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Table  3.  Relationship  Between  Wheel  Path  and  Cracking 


Soil 

Wheel 

Mo. 

Cracks 

Cracks 

%   Cracks 

Type    Lane 

Path 

Stations 

ft. 

ft./sta. 

Inner  Wheel  Path 

Outer 

39 

1660 

1x3 

Traffic 

37 

Inner 

39 

985 

25 

A-1 

Outer 

39 

586 

15 

Passing 

73 

Inner 

39 

1583 

hi 

Outer 

53 

1966 

37 

Traffic 

57 

Inner 

53 

261i8 

50 

A-2 

Outer 

%3 

936 

18 

Passing 

A 

25 

Inner 

53 

313 

6 

Outer 

177 

1017U 

57 

1  ^* 

Traffic 

U2 

Inner 

177 

7509 

U2 

A-U 

« 

Outer 

177 

3li97 

20 

Passing 

uu 

Inner 

177 

2721 

15 

Outer 

109 

5098 

hi 

Traffic 

Ui 

Inner 

109 

3610 

33 

A-^ 

Outer 

109 

119U 

11 

_/_ 

Passing 

51 

Inner 

109 

1236 

11 

z' 
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Table  U.  Relations hip  Between  Pavement  Sxu'face  Thickness  and  Cracking 


Surface       """" 
Soil          Thickness     No.     Cracks    Cracks     %   Cracks 
Type    Lane inches   Stations ft.    ft./sta.   $/  Surface 


A-1 


A-2 


A-U 


A-6 


1*««n/*/*-<  j% 

U 

13 

lil8 

32 

rrai i ic 

5- 

26 

2227 

87 

5/ 

15 

92U 

62 

Passing 

5- 

2k 

12U5 

52 

. 

5/ 

21 

16^3 

79 

Traffic 

5- 

32 

2961 

93 

5/ 

26 

687 

26 

Passing 

5- 

27 

562 

21 

5/ 

6U 

581ii 

91 

Traffic 

5- 

llU 

11869 

lOU 

5/ 

61 

2U51 

Uo 

Passing 

5- 

117 

3767 

32 

5/ 

1$ 

1018 

68 

Traffic 

5- 

9U 

7690 

82 

5/ 

32 

971 

30 

Passing 

5- 

77 

lh$9 

19 

27 


Sk 


U6 


5$ 


U7 


56 


h$ 


61 
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design  thickness  of  the  bituminous  concrete.  At  least  as  far  as  the 
traffic  lane  is  concerned,  fewer  cracks  have  appeared  in  sections  thick- 
er than  five  inches  than  In  the  sections  less  than  five  inches  thick. 
It  is  readily  seen  that  this  relationship  does  not  hold  true  in  the  pass- 
ing lane. 

Surface  Deflection  Study 

Description 

During  the  first  week  of  June  1959  and  the  second  week  of  May  I960, 
personnel  from  the  Joint  Highway  Research  Project  at  Purdue  University 
and  from  the  State  Highway  Department  of  Indiana  secured  Benkelman  beam 
deflection  meastirements  at  the  test  road  site. 

Deflection  measurements  were  made  at  U8  carefully  selected  locations. 
Thirty-two  of  these  locations  fit  into  a  pattern  of  variables  illustrated 
in  Figure  2.  The  variables  selected  were  pavement  surface  thickness, 
crack  frequency,  lane,  and  soil  type.  In  general,  a  pavement  showing 
high  crack  frequency  had  80  or  more  lineal  feet  of  cracks  per  station. 
One  showing  25  feet  or  less  lineal  feet  of  cracking  was  classified  as 
having  low  crack  frequency.  Since  the  nominal  paving  thickness  was  five 
inches,  this  was  used  as  the  demarcation  line  for  the  surface  thickness 
variable.  The  sites  were  also  selected  on  the  basis  of  soil  type. 

Special  Testing  Equipment 
The  deflection  measurements  were  made  iising  Benkelman  beams,  shown 
in  Figure  3.  During  each  testing  program,  one  beam  was  supplied  by 
Purdue  University  and  one  by  the  State  Highway  Department.  The  test 
vehicle  was  a  State  Highway  truck  with  an  18,000  pound  rear  axle  load. 
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Figure  2.  Design  of  Experiment  for  Benkelman  Beam 
Deflection  Measurements 
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FIG. 3      BENKELMAN     BEAM    IN    ACTION 
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Testing  Procedures 
At  each  location,  deflection  measurements  were  taken  at  five  basic 
positions  as  illustrated  in  Figure  h»     These  positions  were  as  follows  J 

1,  one  inch  outside  the  outside  dual  wheel 

2,  between  the  tires  of  the  outside  dual  wheel 

3,  at  the  centerline  of  the  truck 

h,     between  the  tires  of  the  inside  dual  wheel 

5,  one  inch  outside  of  the  inside  dual  wheel. 

In  19^9,  the  Purdue  Benkelman  beam  was  responsible  for  all  the 
readings  at  positions  2,  U,  and  5  and  in  I960  positions  2,  3,  and  U, 
The  State  Highway  Department  beam  was  used  at  positions  1  and  3  and 
1  and  5  in  1959  and  I960  respectively. 

Readings  were  taken  when  the  rear  axle  of  the  truck  was  at  each 
foot  mark  beginning  at  ten  feet  from  the  particular  location.  The  truck 
was  backed  to  the  zero  line  so  that  its  rear  axle  passed  beyond  the  zero 
foot  line  approximately  three  inches,  and  then  it  was  moved  forward. 
Readings  were  taken  during  both  the  loading  and  unloading  cycles. 

Having  an  experienced  and  patient  truck  driver  was  of  great  impor- 
tance on  this  project,  because  a  large  degree  of  skill  was  required  to 
back  the  truck  successfully  over  the  Benkelman  beam  probe  without  hitting 

ito 

Test  Results 
In  presenting  the  deflection  data,  emphasis  is  placed  on  "between 
the  dual  wheel"  readings  (positions  2  and  U),  because  these  positions  in- 
herently permitted  greater  precision  in  locating  the  probe  of  the  Benkel- 
man beam.  Positions  1  and  $  provided  less  precise  data,  because  the 
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distance  of  the  beam  probe  from  the  side  of  the  truck  tire  varied  more 
than  when  the  probe  was  between  the  tires  of  the  dual  wheel.  In  order  to 
keep  the  data  symmetrical,  that  is  an  equal  number  of  locations  in  the 
variables  of  soil  type,  lane,  pavement  performance,  and  pavement  surface 
thickness,  emphasis  in  the  analysis  is  placed  on  the  32  locations  previ- 
ously described o 

The  basic  deflection  data  obtained  in  the  field  are  available  from 
the  Indiana  State  Highway  Department  (20).  Plots  of  these  data  in  the 
form  of  longitudinal  and  transverse  deflection  contoxirs  have  been  drawn, 
but  they  are  not  included  here  because  of  their  large  number.  Examples 
of  these  curves  are  shown  in  Figures  5  and  6.  It  should  be  noted  that 
the  loading  and  unloading  portions  of  the  curves  in  these  figures  are 
not  identical.  This  is  probably  due  to  the  time  effect  of  the  load  and 
to  the  fact  that  the  pavement  and  underlying  material  are  not  homogeneous, 
These  and  other  factors  result  in  a  somewhat  non-elastic  response. 

The  deflection  data  in  terms  of  their  relationship  to  soil  type, 
lane,  crack  frequency,  and  sxirface  thickness  are  summarized  in  Appendix 
A.  Table  5  presents  the  combined  1959  and  I960  inner  and  outer  wheel 
path  data. 

Statistical  Analysis 
A  four-way  classification  analysis  of  variance  was  performed  on 
various  aspects  of  the  deflection  data.  The  details  of  the  method  and 
model  used  may  be  found  in  Appendix  B,  Significance  of  a  factor  was  de- 
termined by  variance  ratios  or  "F"  tests  at  0.0^  and  0.01  levels.  For 
the  effect  of  soil  type  on  deflection,  the  Tukey  method  for  determining 
a  studentized  range  allowance  for  a  set  of  means  was  applied  (21). 
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Table  6  sumnarizes  the  results  of  the  analysis  of  variance  of  the 
data  presented  in  Table  5. 

The  statistical  analysis  shows  that  soil  type,  lane,  and  surface 
thickness  have  an  effect  on  the  deflection  data.  Deflections  on  the 
traffic  lane  were  higher  than  those  on  the  passing  lane  and  those  on 
thick  pavement  surfaces  were  lower  than  those  on  thin  pavement  surfaces. 
Deflections  did  not  prove  to  be  related  significantly  to  crack  frequency. 
The  interactions  shown  to  be  significant  were  mostly  due  to  a  fairly 
small  error  mean  square.  This  is  not  unusual  when  a  large  n^Imber  of 
values,  such  as  in  this  case,  are  used  in  the  analysis. 

In  order  to  determine  the  significant  differences  between  deflec- 
tions of  different  soil  types,  the  previously  mentioned  Tukey's  method 
was  applied.  The  average  deflection  values  for  the  four  soil  types  were: 
A-1,  U69/32  =  lii.6 
A-2,  500/32  =  15.6 
A-U,  700/32  =  21.9 
A-6,  675/32  =  21.1 
The  statistical  data  required  for  the  Tukey  analysis  arei 
EMS  (error  mean  square)  =  12 
n  =  df  (degrees  of  freedom)  =  96 
g  =  (number  of  data  groups)  =  U 
m  (number  of  items  in  group)=  32 

q  (studentized  range  coefficient  for  g  -  U  and  n  =  96 
at  the  .05  level)  =3.71 


RF   (range  factor)  =  qjEMS/m  =  3.7ljl2/32  =2.3 


2^ 


Table  6.  Four-Way  Analysis  of  Variance  Results  for  1959  and  I960 
Deflection  Data,  Inner  and  Outer  Wheel  Path 


SoTirce  of  Variance 

F 

P.05 

^01 

Significance 

Soil  Type,  A 

36«U0 

2.71 

U.03 

.01  level 

Lane,  B 

00.98 

3.95 

6.96 

.01  level 

Crack  Frequency,  C 

2.00 

3.95 

6.96 

NS 

Surface  Thickness,  D 

16.66 

3.95 

6.96 

.01  level 

Interactions!  A  x  B 

2.33 

2.71 

U.03 

NS 

A  X  C 

2.92 

2.71 

U.03 

.05  level 

B  X  C 

1.33 

3.95 

6o96 

NS 

A  X  B  X  C 

2.17 

2.71 

U.03 

NS 

A  X  D 

3.75 

2.71 

U.03 

.05  level 

B  X  D 

1.08 

3.95 

6.96 

NS 

C  X  D 

0 

3.95 

6.96 

NS 

B  X  C  X  D 

5.00 

3.95 

6.96 

.05  level 

A  X  B  X  D 

U.83 

2.71 

U.03 

.01  level 

A  X  G  X  D 

7.00 

2.71 

U.03 

.01  level 

A  X  B  X  C  X  D 

7.91 

2.71 

U.03 

.01  level 
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Comparing  the  range  factor  to  the  ranges  between  the  means  of  the 

four  soil  types: 

A-1  and  A-2j  1^.6  -  lU.6  =  1.0<2.3,  not  significant 
A-2  and  A-U;  21.9  -  l5.6  =  6.3>2.3,  significant 
A-U  and  A-6;  21.9  -  21.1  =  0.8<2.3,  not  significant 
The  above  shows  that  real  differences  exist  in  deflection  measurements 
made  on  coarse  and  fine-grained  soils,  but  differences  between  A-1  and 
A-2  or  A-U  and  A-6  are  not  significant.  It  can  be  stated  that  deflec- 
tions on  A-1  and  A-2  subgrades  are  lower  than  those  on  A-U  and  A-6  sub- 
grades  • 

Wheel  Track  Rutting  Study 
During  the  first  week  of  August  19^9,  a  transverse  profilometer 
constructed  by  the  Bureau  of  Materials  and  Tests  of  the  State  Highway 
Department  was  used  to  obtain  the  wheel  track  rutting  measurements  at 
the  same  U8  locations  used  in  the  surface  deflection  study.  Complete 
construction  and  operating  instructions  may  be  found  in  the  Test  Road 
Committee  Memoranda  of  the  State  Highway  Department  of  Indiana  (20). 
The  profilometer  is  shown  in  Figure  7. 

Test  Results  and  Analysis 
The  basic  rutting  data  are  available  from  the  Indiana  State  Highway 
Department  (20)  in  the  form  of  transverse  profile  curves  for  each  of 
the  U8  locations,  an  example  of  which  is  shown  in  Figure  8.  A  rutting 
value  was  determined  for  each  location  by  determining  the  maximum  dif- 
ference in  elevation  for  that  location  in  inches. 
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Table  7  presents  a  summary  of  the  wheel  track  rutting  data.  Table 
8  aummarlzes  the  results  of  the  analysis  of  variance  on  these  data.  As 
with  the  deflection  data,  the  rutting  data  are  affected  by  lane  position 
and  soil  type  but  not  by  crack  frequencye  Higher  rutting  values  were 
recorded  in  the  traffic  lane  than  in  the  passing  lane.  Unlike  the  de- 
flection data,  the  rutting  data  were  unaffected  by  pavement  surface 

thickness • 

Tukey's  method  was  applied  in  the  same  manner  as  in  the  deflection 
data  in  order  to  determine  which  soil  types  were  significantly  affecting 
the  rutting  data.  The  average  rutting  values  for  the  four  soil  types 
were  J 

A-1,  288/16  =  18.0 
A-2,  U29A6  =  26.8 
A-U,  $2h/l6  =32.8 
A-6,  $55/16  =  3Uo7 
The  statistical  data  required  for  the  Tukey  analysis  arej 
EMS  (error  mean  square)     ~  ll5 
n  =  df  (degrees  of  freedom)  =  32 
g  =  (number  of  data  groups)  =   U 
m  =  (number  of  items  in  groups)  =  l6 
q  (studentized  range  coefficient  f or  g  =  U  and  n  =  32 

at  the  0.05  level)  =  3.8U 
RF  (range  factor)  =  q>|EMS/m  ■  3.8U4115A6  "111.3 
Applying  the  range  factor  to  the  ranges  of  the  means  of  the  four  soil 
types  J 
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Table  8.  Four-ffay  Analysis  of  Variance  Results  for  Inner  and  Outer 
Wheel  Track  Rutting  Data 


Source  of  Variance 

F 

^05 

^01 

Significance 

Soil  Type,  A 

7.83 

2.92 

U.51 

.01  level 

Lane,  B 

3U.00 

U.17 

7.56 

.01  level 

Crack  Frequency,  C 

1.20 

U.17 

7.56 

NS 

Surface  Thickness,  D 

0.06 

h.l7 

7.56 

NS 

Interactions!  A  x  B 

2.00 

2.92 

U.51 

NS 

A  X  C 

0.8U 

2.92 

U.51 

NS 

B  X  C 

0.19 

U.17 

7.56 

NS 

A  X  B  X  C 

1.75 

2.92 

U.51 

NS 

A  X  D 

0.38 

2.92 

U.51 

NS 

B  X  D 

1.95 

U.17 

7.56 

NS 

C  X  D 

0.7U 

U.17 

7.56 

NS 

B  X  C  X  D 

0.76 

U.17 

7.56 

NS 

A  X  B  X  D 

0.08 

2.92 

U.51 

NS 

A  X  C  X  D 

0.30 

2.92 

U.51 

NS 

A  X  B  X  C  X  D 

0.86 

2.92 

U.51 

NS 
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A-1  and  A-2,  26.8  -  18.0  =  8.8<;^lU.3  not  significant 
A-1  and  A-U,  32.8  -  18.0  =  ll4.8>lh.3  significant 
A-2  and  A-k,   32.8  -  26.8  =  6.0<ll4.3  not  significant 
A-2  and  A-6,  3U.7  -  26.8  -  7.9<lU.3  not  significant 
A-U  and  A-6,  3U. 7  -  32.8  -  1.9<ll4.3  not  significant 
Real  differences  exist  in  rutting  moastirements  made  on  A-1  subgrades 
and  the  fine-grained  subgrades.  The  A-2  soil  group  could  not  be  es- 
tablished as  performing  differently  from  any  of  the  three  other  soil 
groups.  Thus,  rutting  measurements  of  pavement  on  A-1  subgrades  are 
significantly  lower  than  those  of  pavements  on  A-U  and  A-6  subgrades. 

Relationship  Between  Deflection  and  Rutting 
As  can  be  seen  by  Figure  9,  there  is  a  good  relationship  between 
maximum  deflection  and  wheel  track  rutting.  This  is  due  to  the  fact 
that  both  are  related  to  subgrade  soil  type.  The  fitted  line  of  Figure 
9  was  obtained  by  the  method  of  least  squares  (21).  It  should  be  noted, 
however,  that  the  points  in  this  figure  represent  average  values,  and 
for  one  soil  type  (A-U)  the  relationship  is  not  as  good  as  for  the 
other  soil  types. 

Summary 
At  this  point  the  most  important  results  of  this  section  of  the 
report  are  summarized. 

Cracking 
On  the  basis  of  number  of  cracks  per  100  feet,  the  greatest  number 
of  cracks  occur  in  the  traffic  lane  and  on  A-U  (silt)  type  subgrades. 
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FIG.  9    MAXIMUM      DEFLECTION  VS   RUTTING 
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Fewer  cracks  occur  in  pavement  built  on  A-6  (clay)  type  subgrades.  How- 
ever, with  pavement  ovpr  all  subgrade  t3rpes  exhibiting  more  than  100  feet 
of  cracks,  on  the  average,  per  station,  it  is  safe  to  say  that  subgrade 
type  is  not  the  major  factor  causing  the  pavement  cracking. 

The  difference  in  the  number  of  cracks  occurring  in  the  traffic  and 
passing  lanes  is  clear.  Obviously,  the  greater  traffic  volumes  on  the 
traffic  lane  have  caused  a  faster  rate  of  crack  progression  in  that  lane 
than  in  the  passing  lane. 

When  considering  the  traffic  lane  only,  fewer  cracks  occur  where  the 
surface  courses  (bituminous  base,  binder,  and  surface)  are  of  design 
thickness  or  greater  than  when  they  are  below  design  thickness ,  This 
relationship  does  not  hold  true  for  the  passing  lane;  in  fact,  it  is  re- 
versed. With  the  exception  of  traffic  lane,  A-1  subgrade,  which  showed 
only  27  percent  cracks  on  five-plus  inch  thick  pavement  surface,  all 
cases  showed  percentages  near  50  percent.  Therefore  it  must  be  concluded 
that  there  is  no  clear  relationship  between  pavement  surface  thickness 

and  cracking. 

The  following  statements  summarize  the  cracking  studyt 

1.  Cracking  is  not  shown  to  be  related  to  subgrade  type. 

2.  More  cracking  occurs  in  the  traffic  lane  than  in  the 
passing  lane,  probably  due  to  greater  traffic  volumes 
on  the  traffic  lane. 

3c  Pavement  surface  thickness  is  not  shown  to  be  related 

to  cracking. 
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Surface  Deflection  and  Rutting 
Surface  deflection  data  were  affected  by  subgrade  type,  lane,  and 
surface  thickness.  More  important,  there  was  no  statistically  signifi- 
cant effect  of  pavement  crack  frequency  on  these  total  deflection  values. 
As  with  the  surface  deflection  data,  the  rutting  data  were  affected  by 
subgrade  type  and  lane,  and  not  by  crack  frequency.  Unlike  the  surface 
deflection  data,  the  rutting  data  were  unaffected  by  pavement  surface 
thickness.  The  fact  that  both  rutting  and  deflection  values  were  af- 
fected by  soil  type  explains  the  relatively  good  relationship  found  be- 
tween deflection  and  rutting.  In  summary,  the  following  statements  can 

be  made: 

1.  Subgrade  type,  lane,  and  pavement  thickness  affected 

the  deflection  data. 

2.  Subgrade  type  and  lane  affected  the  rutting  data. 

3.  Crack  frequency  was  not  shown  to  be  related  to  total 
deflection  or  to  rutting. 

h,     A  relationship  exists  between  rutting  and  total  de- 
flection. 


I 


i 


PART  III 
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UTERED  SYSTEM  DEFIECTTON  STUDY 

Introdactlon 

The  next  step  in  the  investigation  dealt  with  is  the  study  of  deflec- 
tion patterns  within  the  component  layers  of  the  pavement.  It  was  hypo- 
thesized that  if  the  deflection  of  each  pavement  layer  was  determined  at 
all  of  the  sites  previously  tested,  a  relationship  between  these  deflec- 
tion data  and  pavement  distress  could  be  established.  Through  the  use  of 
Boussinesq  stress  distribution  theory,  relative  moduli  values,  E,  could 
be  derived  from  the  deflection  data.  The  term  relative  modulus  is  used 
instead  of  elastic  modulus,  since  the  pavement  structure  is  imperfectly 
elastic.  This  is  more  fully  discussed  in  a  later  section.  It  was  thought 
that  the  relationship  between  relative  E  values  of  the  pavement  layers 
might  be  the  most  useful  tool  in  establishing  the  cause  of  the  existing 
pavement  distress.  It  should  be  noted  that  it  was  necessary  to  assume 
that  material  under  the  cracked  pavement  underwent  the  same  relative 
changes,  with  time,  as  the  material  under  pavement  that  did  not  cracko 

A  scheme  was  devised  in  which  the  Benkelman  beam  was  adapted  to 
measure  the  vertical  movement  of  steel  rods  referenced  at  the  top  of  the 
different  layers  of  the  pavement  system.  This  scheme,  which  is  diagrammed 
in  Figure  10,  utilizes  four-inch  diameter  holes,  with  pipe  casing  and 
steel  reference  rods  of  varying  lengths.  Also  an  extension  device  was 
developed  to  fit  on  the  probe  end  of  the  Benkelman  beam  to  enable  it  to 
be  attached  to  the  rods  inside  the  hole.  The  difference  in  deflections 
obtained  from  two  adjacent  holes  yields  the  actual  settlement  of  the 


Ul 


CL 

1 

L.                                        ' 

' 

<I 

\ 

O 

\ 

^ 

o 

'o   . 

\         ® 

cvj 

I 

lO 

\                                    ~° 

"" 

2 

- 

; 

= 

. 

o 

—  If)  — * 

- —     00    -»- 

'            \           ^ 

o 

\     a 

Uj 

\     o 

EXTENSION  ROD 
SED  WHEN  DEFLECT  1 
ARE  MEASURED 

1 

: 

-1 

\          ® 

V.  ^ 

QQ 

«\«> 

tt  cc 

o 

2 

\ 

V  s 

Q 

i 

\  1 

2 

~i    3 — m 

<            — 

i 

QQ  ^ 

Uj 
QQ 

@ 

\ 

\ 

^li^^ 

\  L 

'^  CA  Ci 

\  " 

E  OF  BENKELM 
R  LAYERED  SY, 
FLECTION  STU 

t 

Uj 
CO 

"^ 

QQ 
00 

:d 

CO 

c 

, , 

1 

*    (§) 

L 

L 

u       :d 

ct 
-J 

2 

CD 

Uj 

CO   o   Uj 

OC 

\       CO 

t         O 

i       °° 
5       ft 

J         Uj 
1 

cc 

CO 

QQ 

:d 

CO 

^   U.   Q 

•-- - 

-1      1 

1 

1 

u: 

1   1 

^ 

CQ 

O 

Q 

i 


U2 


layer  between  the  reference  plates  of  the  two  holes. 

It  was  considered  impractical  to  install  a  complete  set  of  holes 
and  reference  rods  at  all  32  sites  of  the  previously  discussed  experi- 
ment} therefore,  only  eight  sites  were  selected.  The  variables  of  lane 
location  and  pavement  surface  thicknesses  were  investigated  only  at  a 
single  level.  It  is  recognized  these  both  influence  the  magnitude  of 
surface  deflection,  but  the  passing  lane  was  chosen  because  it  more  near- 
ly approaches  the  original  condition  of  the  pavement,  and  surface  thick- 
nesses as  close  as  possible  to  the  nominal  design  of  five  inches  were 
chosen  in  order  to  eliminate  the  effect  of  abnormally  thick  or  thin  sur- 
faces. Because  of  the  importance  of  soil  type,  and  because  crack  fre- 
quency was  the  factor  for  which  an  existing  relationship  was  sought, 
these  two  factors  were  retained  in  the  experiment. 

This  phase  of  the  project,  as  with  the  others,  was  performed  by 
personnel  from  the  Joint  Highway  Research  Project  in  cooperation  with 
personnel  from  the  State  Highway  Department  of  Indiana.  All  of  the 
field  work  was  completed  during  the  month  of  September  I960. 

Location  and  Installation  of  Test  Holes 

Location 
The  eight  sites  selected  for  this  study  conform  to  the  pattern  of 
variables  illustrated  in  Figure  11.  At  each  site,  four  holes  and  a 
total  of  five  measurement  locations  (one  surface  measurement  and  four 
measurements  at  different  depths)  were  planned.  An  attempt  was  made  to 
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Figure  11.  Design  of  Experiment  for  Layered  System  Deflection  Study 
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space  the  holes  as  close  to  each  other  as  possible  and  yet  not  have  the 
spacing  so  close  as  to  affect  the  deflection  data.  To  meet  this  require- 
ment, a  spacing  of  six  feet  was  selected. 

The  five  measurement  locations  were  in  the  inner  wheel  path  of  the 
eight  sites  as  follows t 

1,  surface 

2.  hole  number  1  -  through  the  surface  to  top  of 

waterbound  macadam 
3o  hole  number  2  -  through  the  surface  and  waterbound 

macadam  to  top  of  subbase 
li.  hole  number  3  -  through  the  surface,  waterbound 

macadam,  and  subbase  to  top  of  subgrade 
5.  hole  ntanber  U  -  through  the  surface,  waterbound 
macadam,  subbase,  and  first  five  feet  of  subgrade. 
At  all  eight  sites  the  measurement  locations  were  laid  out  from  south 
to  north. 

Installation 
Holes  were  drilled  through  the  surface  and  waterbound  macadam  by 
a  portable  core  driller  equipped  with  a  four  and  one-half  inch  outside 
diameter  diamond  bito  The  drill  was  equipped  with  a  water  pump  which 
Insured  an  adequate  water  supply  during  the  coring  of  the  waterbound 
macadamo  A  post  hole  digger  was  used  to  penetrate  the  subbase  and  the 
subgrade  material.  All  subbase  drilling  was  accomplished  with  a  four 
inch  bit.  At  two  sites,  the  four  inch  post  hole  digger  was  used  to 
advance  the  hole  five  feet  into  the  subgrade.  In  these  cases,  the  hole 
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was  encased  with  pipe  for  its  entire  depth.  At  four  sites,  the  four-inch 
bit  was  used  for  the  first  foot  of  the  subgrade  and  then  a  two  and  one-half 
inch  bit  was  used  for  the  remaining  four  feet.  Here,  only  the  first  foot 
was  encased.  At  the  two  remaining  sites,  neither  the  four  nor  the  two  and 
one-half  inch  bit  could  penetrate  more  than  one  foot  into  the  subgrade  be- 
cause of  its  dense  granular  nature. 

Electrical  conduit  with  an  outside  diameter  of  four  inches  was  used 
as  hole  casing.  The  pipe  was  cut  in  lengths  corresponding  to  the  four 
hole  depths.  Lengths  were  based  on  maximum  hole  depths,  and  the  pipes 
were  scored  at  one  inch  intervals  to  enable  cutting  in  the  field  to  exact 
lengths.  Voids  between  the  pipe  and  the  sides  of  the  hole  were  filled 
with  plaster  of  Paris.  For  holes  number  1,  2,  and  3,  aluminum  foil  was 
wrapped  around  the  bottom  two  inches  of  the  pipe  exterior  and  held  in 
place  with  drafting  tape.  The  sole  purpose  of  this  was  to  cause  as  tight 
a  fit  as  possible  at  the  bottom  of  the  hole  and  thus  prevent  plaster  of 
Paris  from  leaking  under  the  pipe.  This  procedure  was  used  in  all  but 
the  first  set  of  holes  installed  (Station  30U,  F-3)  and  as  will  be  shown 
later,  the  results  were  adversely  affected  for  that  one  location.  The 
entire  pipe,  inside  and  out,  and  the  foil  and  tape,  were  liberally  coated 
with  oil  before  insertion  into  the  hole.  This  was  to  prevent  bond  of  the 
plaster  of  Paris  with  the  pipe. 

Three-quarter  inch  hexagonal  cold  finished  steel  rod  was  used  for 
reference  rods.  The  description  of  these  rods  as  well  as  of  the  assem- 
bly that  connected  the  rods  to  the  Benkelman  beam  is  given  in  Figure  12. 
A  small  amount  of  plaster  of  Paris  paste  was  placed  in  the  bottom  of  the 
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hole  to  provide  a  solid  level  foundation  for  the  reference  rod  plate. 

Hole  caps  (Figure  13)  made  of  sixteen  guage  sheet  metal  were  fabri- 
cated. Hardened  steel  nails  were  used  to  secure  the  hole  caps. 


Test  Procedures 


Equipment 
The  basic  equipment  used  in  the  layered  system  deflection  study  was 
the  same  as  used  in  the  May  I960  deflection  study  previously  described 
with  the  exception  of  the  extension  device  which  was  attached  to  the 
probe  of  the  Benkelman  beam.  The  only  additional  equipment  consisted 
of  four  "Loadometer"  devices,  used  for  weighing  the  truck.  One  of  the 
"Loadoraeters"  is  shown  In  Figure  lU. 

Truck  Loading 
Four  different  truck  loadings  were  used  as  follows: 

1.  6,000  pounds,  right  rear  dual  wheel  load 

2.  9,250  pounds,  right  rear  dual  wheel  load 

3.  11,250  pounds,  right  rear  dual  wheel  load 
U.  13,390  pounds,  right  rear  dual  wheel  load 

The  Loadometers  were  used  as  shown  In  Figure  l5  to  make  certain  the 
load  was  distributed  equally  over  the  rear  axle. 

Deflection  Measurements 
The  basic  procedures  were  the  same  as  those  used  in  the  previously 
described  studies.  However,  there  were  some  differences.  While  one 
beam  was  being  used  to  record  deflections  between  the  tires  of  the  right 
dual  wheel  of  the  truck,  the  second  beam  was  used  to  make  check 
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measurements  at  the  outside  of  the  dual  wheel  and  also  at  the  reference 
feet  of  the  first  Benkelman  beam. 

Figures  16  and  17  illustrate  some  of  the  testing  procedures.  An 
extension  rod  was  installed  in  holes  number  h   because  of  their  depth.  A 
wooden  plug  with  a  hole  in  the  middle  was  placed  in  the  top  of  the  pipe 
to  act  as  a  guide  for  the  extension  rod.  The  string  shown  in  Figure  16 
was  used  as  an  aid  in  lowering  the  rod  in  place  and  in  removing  the  rod 
after  the  tests. 

Test  Results 

Field  Data 

The  data  analysed  and  discussed  in  this  section  are  those  of  the 
beam  which  was  used  between  the  tires  of  the  right  dual  wheel.  The  "out- 
side of  dual  wheel"  data  and  the  measurements  taken  at  the  reference  feet 
of  the  beam  are  discussed  briefly. 

Limitations  of  Measurements .  In  order  to  convert  field  data  into 
deflection  results,  dial  readings  were  multiplied  by  a  factor  of  1.855o 
Figure  l8  illustrates  the  geometry  of  the  Benkelman  beam.  Dial  readings 
were  recorded  to  the  nearest  0.0005  inch.  Hence,  deflection  measurements 
were  recorded  to  the  nearest  0.00093  inch.  However,  it  is  doubtful  whet- 
her the  beam  reading  can  be  recorded  consistently  with  greater  accuracy 
than  the  nearest  one  dial  interval  or  0,001  incho 

Measurements  at  Foot  of  Benkelman  Beamo  Figure  18  also  shows  the 
geometry  of  the  Benkelman  beam  that  demonstrates  the  effect  of  beam 
reference  feet  movement  on  the  final  deflection  measurements o  If  the 
feet  moved  0.001  inch,  an  error  of  0.0027  inch  is  introduced o  A  dial 


<1 
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FIG. 17         BENKELMAN     BEAM      TESTING 
PROCEDURES 
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movement  of  one  interval  of  the  check  beam  would  indicate  an  error  of 
0.005  inch  in  the  deflection  reading.  Conversely,  an  error  of  one  dial 
unit  in  the  check  beam  would  introduce  an  error  of  0.00^  inch  in  the 
deflection  reading  if  it  was  used  as  a  correction  value.  Therefore,  with 
an  instrument  such  as  the  Benkeljnan  beam,  where  there  is  an  inherent  po- 
tential instrument  error  of  about  one  dial  unit,  it  is  not  possible  to 
check  the  feet  movement  of  another  beam  when  it  can  introduce  an  error  of 
as  much  as  0.005  inch  in  the  final  deflection  measurement. 

Fortunately,  the  data  obtained  in  this  study  indicated  that  there 
was  no  real  movement  of  its  reference  feet.  When  the  truck  was  over  the 
probe  of  the  beam,  the  load  was  exactly  7.5  feet  away  from  the  feet  of 
the  beam.  If  movement  had  taken  place,  with  the  truck  in  that  position 
movement  of  the  probe  would  have  been  recorded.  But  in  only  four  out 
of  160  tests  did  a  dial  reading  of  other  than  zero  result  when  the  truck 
was  7.0  or  more  feet  away  from  the  probe.  It  must  be  concluded  that  on 
this  basis  significant  movement  of  the  reference  feet  did  not  occur. 

Outside  of  Dual  Wheel  Data.  These  data  were  originally  intended 
to  be  used  as  controls  for  the  hole  data.  In  this  way,  any  significant 
difference  in  the  surface  reading  outside  of  the  dual  wheel  for  each 
hole  could  be  used  to  explain  unusual  hole  deflection  readings.  Although 
these  data  indicated  relative  uniformity  of  total  surface  deflection 
from  hole  to  hole  at  a  single  location,  they  were  not  used  as  a  precise 
correction  statistic  for  the  hole  deflection  data  because  of  the  greater 
inherent  variability  of,  outside  dual  wheel  deflection  measurements. 
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Layered  System  Deflection  Results 
Table  9  presents  the  deflection  results  used  for  the  analysis  of 
this  phase  of  the  project.  These  results  represent  the  maximum  change 
in  deflection  recorded  from  the  previously  described  loading  and  unload- 
ing cycle  of  the  trucks  As  an  example,  if  the  dial  on  the  beam  indicated 
maxlinum  and  minimum  readings  of  .009  and  -.001  inches  for  the  entire  cy- 
cle, the  deflection  value  used  would  be  .010  inches o 

Layer  Deflections.  Deflections  of  an  individual  layer  in  the  pave- 
ment can  easily  be  computed  by  finding  the  difference  in  deflection  of 
the  rods  referenced  at  the  interfaces  of  the  layer  in  question.  The 
layer"  deflections  are  presented  in  Table  10. 

Data  Omitted  From  Analysis.  Data  taken  at  Stations  3U7  and  U53 
were  omitted  from  the  analysis.  The  reference  rods  of  holes  number  2  at 
each  of  these  locations  were  held  up  in  the  pipe  and  were  not  moving 
properly  with  the  interface  of  the  subbase.  Station  3U7  was  the  only 
location  where  the  aluminum  foil  wrapping  was  omitted  from  the  bottom  of 
the  pipe.  At  the  time  of  installation  it  was  noted  that  plaster  of  Paris 
had  seeped  under  the  pipe  and  had  come  up  around  the  reference  rod  for 
about  one  inch.  This  made  it  impossible  to  free  the  reference  rod  proper- 
ly  at  the  time  of  test.  At  Station  U53,  despite  the  fact  that  the  alumi- 
num foil  wrap  was  used,  sufficient  plaster  of  Paris  came  under  the  pipe 
to  secure  the  reference  rodo  Reference  rods  in  all  other  holes  number  2 
seemed  to  function  properly. 

Data  from  the  9,250  pound  dual  wheel  load  were  also  excluded  from 
the  analysis.  Results  from  this  loading  series  were  consistently  lower 
than  those  indicated  by  other  load  increments.  However,  this  load  was 
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Table  9.  Layered  System  Deflection  Data 


Top  of  Rod  Vertical  Movement,  0.001  inch 
Position  of  Reading,  Hole,  Reference  on 
Rear  Axle  #1     #2        #3       #U 

Station  Load,  lbs.   Surface   Base   Subbase   Subgrade   5*  Deep 


12,000 

9.3 

9.3 

6.5 

3.7 

1.9 

3U7 

18,000 
22,^00 

9.3 
16.7 

9.3 
16.7 

5.6 
11.1 

U.6 
11.1 

0.9 
h.2 

26,7^0 

19.5 

18.6 

12.1 

13.9 

5.6 

12 ,000 

11.1 

9.3 

8.3 

U.6 

U.6 

»  -.1 

18,000 

6.5 

6.5 

7.1i 

6.5 

2.8 

30U 

22,^00 

IU.8 

lU.8 

IU.8 

8.3 

5.6 

26,7^0 

20.8 

20.U 

18.6 

11.1 

9.3 

12,000 

12.1 

8.3 

7.U 

2.8 

0 

275 

18,000 

12.1 

8.3 

7.U 

5.6 

0.9 

22,500 

15.7 

IU.8 

13.0 

7.U 

0.9 

26,750 

20. U 

20. U 

15.7 

8.3 

1.9 

12,000 

11.1 

9.3 

8.3 

1.6 

0 

2U9 

18,000 

10.2 

10.2 

8.8 

7.U 

1.9 

22,500 

19  c5 

15.7 

lU.S 

8.3 

0 

26,750 

19.5 

18.6 

17.6 

13.9 

1.9 

i1 


Table  9  (Cont'd.).  Layered  System  Deflection  Data 


Top  of  Rod  Vertical  Movement,  0.001  inch 

Position  of  Reading,  Hole,  Reference  on 

Rear  Axle 

#1       n           #3          #u 

Station  Load,  lbs. 

Surface   Base   Subbase   Subgrade   5'  Deep 

U60 


U53 


* 


li38 


U26* 


12,000  9.3  8.3  6.5  3.7  0.9 

18,000  9.3  7.9  7.h  3.7  0 

22,500  17.6  Hi.U  13.0  7.0  0.9 

26,750  18.6  16.7  13.9  8.3  0.9 

12,000  10.2  10.2  5.6  5.6  U.6 

18,000  5.6  7.U  1.6  3.7  3.2 

22,500  13.9  13.0  8.3  8.3  5.6 

26,750  13.9  15.3  10.2  8.3  5.6 


9.3 

8.3 

6.5 

3.7 

9.3 

7.9 

7.h 

3.7 

17.6 

lU.U 

13.0 

7.0 

18.6 

16.7 

13.9 

8.3 

10.2 

10.2 

5.6 

5.6 

5.6 

7.U 

1.6 

3.7 

13.9 

13.0 

8.3 

8.3 

13.9 

15.3 

10.2 

8.3 

10.2 

9.3 

6.5 

U.6 

10.7 

7.U 

5.1 

3.7 

12.1 

12.1 

8.3 

5.6 

lU.B 

13.0 

10.2 

7.U 

10.2 

10.2 

10.2 

s.e 

9.3 

11.1 

li.2 

3.7 

lli.8 

13.9 

12.1 

S,6 

16.7 

16.7 

lii.8 

1,1 

12,000  10.2  9.3  6.5  U.6  2.8 

18,000  10.7  7.U  5.1  3.7  0.9 

22,500  12.1  12.1  8.3  5.6  0.9 

26,750  lli.8  13.0  10.2  7.U  1.9 

12,000  10.2  10.2  10.2  5.6  lj.6 

18,000  9.3  11.1  li.2  3.7  3.2 

22,500  lli.8  13.9  12.1  $,6  6.5 

26,750  16.7  16.7  Hi. 8  7.ii  7.U 


*  Holes  No.  U  were  only  27  and  31  inches  deep  respectively. 


Table  lOo     Layer  Deflections,    »001  inch 
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station: 
Layer 
Surface 

3U7 

Subgrade  Type:  A-6 

Dual  Wheel 
6,CX)0      9,2$0 

0,0       0.0 

Crack  Frequency:  High 
Load ,  lbs . 
11,250      13.390 

0,0 

Oo6 

Base 

2,8 

3o7 

5o6 

6o8 

Subbase 

2„8 

1.0 

0.0 

0.0 

Subgrade  - 

1 

1.8 

3.7 

6.9 

8o3 

Subgrade  - 

2 

lo9 

0.9 

h.2 

5c6 

Station: 

30U 

Subgrade 

Type:  A-U 

Crack  Frequer 

icy:  High 

Surface 

lo8 

0.0 

OcO 

o.U 

Base 

1,0 

0.0 

OeO 

1.8 

Subbase 

3o7 

0.9 

6o5 

7.5 

Subgrade  - 

•  1 

OoO 

3.7 

2.7 

1.8 

Subgrade  - 

•  2 

U.6 

2.8 

5.6 

9o3 

Station: 

275 

Subgrade 
3=8 

Type:  A-U 

Crack  Frequency:  Loir 

Surface 

3o8 

0.9 

0.0 

Base 

0c9 

0.9 

1.8 

U.7 

Subbase 

Uo6 

1.8 

5o6 

7oU 

Subgrade  ■ 

-  1 

2.8 

U.7 

6o$ 

6.U 

Subgrade  ■ 

-  2 

0.0 

0.9 

0.9 

1.9 

Station! 

1  2U9 

Subgrade  Type:  A-6 
1.8       0.0 

Crack  Freque 
3o8 

ncy:  Loir 

Surface 

0.9 

Base 

1.0 

i.U 

0.9 

1.0 

Subbase 

3.7 

l.U 

6.5 

3.7 

Subgrade 

-  1 

U,6 

5.5 

8o3 

12.0 

Subgrade 

-  2 

- 

0.0 

1.9 

OoO 

1.9 

^ 


I 
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Table  10  (Cont'd.)*  Layer  Deflections,  .001  inch 
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Sta 
Layer 

tionj 

U60 

Subgrade 
6,000 

Types  A-2   Crack  Frequency: 
Dual  Wheel  Load,  lbs. 
9,250     11,250      13 

High 
.390 

Surface 

1.0 

l.U 

3.2 

1.9 

Base 

1.8 

0.5 

l.U 

2.8 

Subbase 

2.8 

3.7 

6,0 

5.6 

Subgrade  - 

•  1 

2.8 

3.7 

6.1 

7.U 

Subgrade  - 

•  2 

0.9 

0.0 

0.9 

0,9 

Sta 

it  ion: 

U53 

Subgrade 

0.0 

1  Type:  A-2 

Crack  Frequency: 

Low 

Surface 

0.0 

0.9 

0,0 

Base 

U.6 

2.8 

U.7 

5.1 

Subbase 

0.0 

0.9 

0.0 

1.9 

Subgrade  - 

-  1 

1.0 

0.5 

2.7 

2.7 

Subgrade  - 

-  2  (27") 

a.6 

3.2 

5.6 

5.6 

Station 1 

U38 

Subgrade  Typej  A-1 

Crack  Frequency: 

:  Low 

Surface 

0.9 

3.3 

0.0 

1.8 

Base 

2.8 

2.3 

3.8 

2.8 

Subbase 

1.9 

l.U 

2.7 

2.8 

Subgrade  ■ 

-  1 

1.8 

2.8 

U.7 

$.S 

Subgrade  ■ 

-  2 

2.8 

0.9 

0.9 

1.9 

Station 1 

1  U26 

Subgrade  Typei  A-1 

Crack  Frequency 

:  High 

Surface 

0.0 

0.0 

0.9 

0.0 

Base 

0,0 

6.9 

1.8 

1.9 

Subbase 

■ 

U.6 

0.5 

6.5 

7.U 

Subgrade 

-  1 

1.0 

0.5 

0.0 

0.0 

Subgrade 

-  2  (31") 

U.6 

3.2 

6.5 

7.U 

I 
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the  first  series  nm,  and  before  the  other  series  were  run,  a  heavy  week- 
end rain  occurred. 

Also,  during  the  first  series,  some  of  the  rods  were  being  held  up 
in  the  pipe  by  the  plaster  of  Paris  used  to  secure  the  rod.  The  signifi- 
cance of  this  was  realized  before  the  other  series  were  begun,  and  it  was 
made  certain  that  with  the  exceptions  of  Stations  3U7  and  ^53,  all  rods 
were  free  to  move  with  their  layer  interfaces.  Data  from  holes  No.  h 
(deep  holes)  could  not  be  analyzed,  because  the  data  were  incomplete  and 
quite  variable.  Most  of  the  variability  was  due  to  the  difficulties  en- 
countered in  the  installation  of  these  deep  holes. 

Analysis  of  Deflection  Data.  As  far  as  analysis  of  results  is  con- 
cerned, emphasis  is  placed  on  the  relative  moduli  values  which  are  pre- 
sented in  the  next  section  of  this  report.  However,  it  is  interesting 
to  look  at  the  deflection  data  in  the  form  of  accumulative  deflections 
versus  depth.  Figures  19  through  2U  present  the  data  in  this  form.  The 
data  shown  are  consistent  In  so  far  as  the  shape  of  the  curves  is  con- 
cerned. It  should  be  noted  that  most  of  the  deflection  appears  to  be  in 
the  subbase  and  subgrade  layers  of  the  pavement. 

Relative  Modulus 
Relative  moduli  values  were  obtained  for  the  subgrade,  subbase,  and 
base  courses  for  six  of  the  eight  locations.  These  are  relative  values 
only,  since  they  are  based  upon  Boussinesq  stress  distribution  and  upon 
the  deflection  measurements  made  through  holes  cased  with  pipe. 

It  is  recognized  that  in  calculating  these  relative  moduli  values, 
application  of  elastic  theory  is  made  to  a  problem  involving  the  stress 
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FIG.I9      DEFLECTION  vs  DEPTH  ,  STATION  249 
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FIG.20    DEFLECTION  vs  DEPTH  ,  STATION  304 
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FIG.2I      DEFLECTION  vs  DEPTH  ,  STATION  275 
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FIG.22    DEFLECTION  vs  DEPTH  ,  STATION  460 
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FIG.  23    DEFLECTION  vs  DEPTH  ,  STATION  426 
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displacement  responses  of  an  imperfectly  elastic  material  such  as  the  com- 
ponents of  the  flexible  pavement.  For  this  reason,  the  values  are  referred 
to  as  relative  moduli  instead  of  elastic  moduli.  However,  since  the  de- 
flections dealt  with  in  this  study  are  not  of  the  permanent  type,  but  are 
recoverable,  this  application  of  elastic  theory  is  worthwhile. 

Boussinesq  Stress  Distribution  and  Elastic  Theory 
Justificationo  Use  of  the  Boussinesq  stress  distribution  theory  in 
this  analysis  appears  to  be  justified  on  the  basis  of  the  following: 

1.  Relative  moduli  values,  subject  to  the  limitations  of 
the  use  of  elastic  theory  previously  discussed,  are 
adequate,  since  they  are  to  be  used  for  comparison 
purposes  only. 

2.  Work  by  McMahon  and  loder  (22)  and  the  Corps  of  Engineers 
(23)  indicates  that  actual  measured  values  of  stress  at 
different  depths  produce  stress-depth  curves  shaped  like 
those  of  Boussinesq. 

3.  The  work  by  McMahon  and  Yoder  shows  that  loading  8  and 
12  inch  steel  plates  on  a  12  inch  base  course  produces 
stresses  at  a  total  depth  of  20  inches  less  than  two  per- 
cent different  from  the  stresses  calculated  using  Boussi- 
nesq 's  theory.  At  a  total  depth  of  13  inches  the  stresses 
measured  by  McMahon  and  Yoder  were  almost  identical  to 
those  of  Boussinesq. 

h.     In  calculating  the  subbase  and  base  course  moduli  values, 
as  will  be  explained  in  later  paragraphs,  only  stress 
differences  are  used. 
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Considering  the  magnitude  of  loads  received  by  the  average  highway, 
the  use  of  elastic  theory  in  the  analysis  of  pavement  structures  can  be 
quite  valuable,  especially  after  the  highway  has  been  subjected  to  sever- 
al years  of  traffic©  During  the  past  few  years,  several  research  efforts 
have  produced  results  which  point  toward  the  concept  that  under  any  sin- 
gle application  of  a  moving  wheel  load  on  a  pavement  surface,  nearly  elas- 
tic behavior  exists  (U).  Performance  of  the  subgrades  on  the  WASHO  Road 
Test  was  elastic-like  in  behavior  in  that  practically  equal  and  recover- 
able deflections  were  produced  by  several  thousand  loads  following  the 
conditioning  period  by  initial  loads  (17). 

Thus,  even  though  very  small  immeasurable  plastic  deformations  were 
no  doubt  present,  deflections  recorded  in  this  study  were  assumed  to  be 
of  this  recoverable  type. 

Basic  Equation  Used.  The  basic  equation  of  this  anal3rsis  is  from 
the  theory  of  elasticity  and  assumes  a  homogeneous,  isotropic  material. 

§  =  f  ( ^z  -m-mi)  1 

where  S  =  vertical  elastic  displacement 

E  =  modulus  of  elasticity  of  material 

„  =  vertical  stress  on  element  illustrated  below 
z 

=  horizontal  radial  stresses  on  the  element 
^  =  horizontal  tangential  sti^ss  on  the  element 
M=   Poisson's  ratio  p 


z   a  depth  to  the  element 


^ 
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The  vertical  stress  on  this  element  for  a  point  load  at  the  surface 
may  be  found  by  using  the  following  equations 

3P      ( 


In  equation  2,  r  is  the  radial  distance  from  point  of  application  to 
point  of  stress  computation,  P  is  a  point  load  at  the  surface,  and  the 
other  symbols  are  as  before. 

Love  (2U)  has  integrated  this  equation  over  a  circular  area  with 
the  resulting  equation  (when  r  =  0)j 

where    =  vertical  stress  at  z  depth  below  centerline  of 
circular  area 
p  =  unit  load  over  area 
a  =  radius  of  area 
The  radial  stress  has  similarly  been  found  as  J 

Using  0.5  for  Poisson's  ratio ,/^,  and  assumingCTj.  =<r^,  and  after 
substituting  equations  3  and  U  into  equation  1  and  integrating  from  z   to 
oO  ,  we  get  Boussinesq's  settlement  equation: 


or      s  -  -^e^  r 


6 

E 


where  F-  ^  T  f-^,.,'^;,   deflection  factor 
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It  should  be  noted  that  the  deflection  factor  given  in  equation  6 
is  applicable  for  deflections  under  the  centerline  of  a  loaded  circular 
area  only.  However,  influence  charts  developed  by  Neiraark  (2$)  were 
used  by  Foster  and  Ahlvin  (26)  to  compute  values  of  the  deflection  factor 
for  any  value  of  depth  z  and  offset  r.  Calling  this  deflection  factor  F, 
equation  7  Is  formed. 

S  =  £-1  F  7 

E 

A  chart  for  determining  F  Is  given  In  Figure  33  in  Appendix  C. 

For  this  thesis,  subgrade  moduli  values  were  calculated  using  equa- 
tion 7  with  the  F  value  found  for  a  depth  of  20  inches.  The  subbase  modu- 
li values  were  calculated  using  as  a  deflection  factor  the  difference  be- 
tween F  values  for  depths  of  13  and  20  inches  (the  boundaries  of  the  sub- 
base  course).  In  similar  fashion  the  base  course  moduli  values  were 
calculated,  the  deflection  factor  being  the  difference  between  F  values 
for  depths  of  5  and  13  Inches  (the  boundaries  of  the  base  course). 
These  can  be  represented  in  the  following  forms: 

Subgrade «  S  =  £-£  (Fjq  tooo)  ^ 

E3 

Subbase:   S=^  ^^3  tooo"  ^20  to.-^^  ^ 


•2 


Base  Courses  S  =  E-i  (F^  ^^^  -  F^^   ^^  ) 


10 


El 


In  the  above  equations  S  is  the  vertical  settlement  of  the  layer  concerned. 

Contact  Pressures .  For  the  purpose  of  calculating  the  moduli  values , 
the  contact  pressure  (p)  was  assumed  to  be  equal  to  the  tire  pressure. 
The  contact  area  between  the  wheel  and  pavement  was  assumed  to  be  circu- 
lar. The  true  imprint  Is  somewhat  elliptical,  but  for  tire  pressure  used 
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in  these  tests  the  imprint  can  be  approximated  by  a  circle  (see  Figure 
25  which  shows  the  tire  imprint  of  a  9,000  pound  load  on  a  dual  wheel 
with  80  psi  tire  pressure). 

Modulus  Calculations 

Equations  8,  9,  and  10  were  used  to  solve  for  E,  using  measured  de- 
flections. The  moduli  values  for  each  layer  were  analysed  by  a  two-way 
analysis  of  variance.  Significance  of  a  factor  was  determined  by  vari- 
ance ratios  or  "F"  tests  (21).  Tables  11  through  l6  summarize  the  modu- 
li results  and  the  statistical  analyses. 

Surface  course  moduli  values  were  not  determined  from  the  deflection 
measurements,  because  the  Benkelman  beam  was  not  sensitive  enough  to  re- 
cord accurate  deflections  in  the  order  of  magnitude  of  about  0.001  inch. 
In  many  cases  no  deflection  was  measured  within  the  surface  course;  this 
would  result  in  calculated  moduli  values  of  infinity. 

Details  of  the  calculation  of  results  are  presented  in  Appendix  C. 
The  statistical  analysis  procedures  are  essentially  the  same  as  those 
discussed  previously,  which  are  presented  in  Appendix  B. 

Moduli  Values  Calculated  From  Offset  Deflections 
Moduli  values  were  calculated  using  the  deflection  data  obtained  as 
the  truck  backed  toward  the  probe  end  of  the  beam,  Subgrade  moduli  were 
calculated  for  offset  distances  (distance  of  truck  axle  from  beam  probe) 
of  one  foot  and  also  two  feet.  Subbase  moduU  were  calculated  only  at 
one  foot  offsets ,  because  at  two  feet  the  difference  between  deflection 
factors  (Fi3  to-o"  ^20  to"*)  approached  zero  or  was  negative.  Base  course 
moduli  could  not  be  calculated,  because  at  both  the  one  and  two  foot  off- 
sets most  of  the  base  course  deflections  were  equal  to  zero.  The  data 
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Table  11.  Subgrade  Modulus,  E3,  in  1,000  psl 


Dual  Wheel  Load,  (.pounds)  Soil  Crack 

Station 6,000  11.2gO  13,390 Type  Frequency 

3U7*       32.8  20.5  19.1  A-6  High 

2U9         26. U  27.$  19.0  A-6  Low 

30U        26. 1»  27.I4  23.8  A-U  High 

27$        U3.li  30.7  31.9  A-U  Low 

U60        32.8  32.5  31.9  A-2  High 

U53*       21.7  27. U  31.9  A-2  Low 

U26        21.7  U0.6  35.8  A-1  High 

U38       26. U  U0.6  35.8  A-1   ,  Low 


*  Moduli  values  for  Stations  3U7  and  U53  are  included  here 
in  order  to  determine  the  effect  of  soil  type.  Subbase 
and  base  course  values  are  not  available  for  these  two 
stations. 


Table  12*  Results  of  Two-Way  Analysis  of  Variance  of  Subgrade  Moduli 
Values 


Source  of  Variance        F        F^^^        Significance 


Soil  Type,  A  2.37       2.U9  NS 

Crack  Frequency,  B        0.33       3.07  HS 

Interaction*  A  x  B        1.U8       2.U9  HS 
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Table  13.  Subbase  Modulxis,  E^,   in  1,000  psi 


Station 

1 

6,000 

Dual  Wheel  Load, 
11,250 

(pounds) 

13,390 

Crack 
Frequency 

2U9 

13  .U 

12.8 

26.8 

Low 

30U 

13  .U 

12.8 

13.2 

High 

275 

10.8 

lU.9 

13. U 

Low 

U60 

17.7 

13.9 

17.7 

High 

U26 

10.8 

12.8 

13  .li 

High 

U38 

26.1 

30.8 

35. U 

Low 

Table  lU.  Results  of  Two-Way  Analysis  of  Variance  of  Subbase  Moduli 
Values 


Source  of  Variance 


Wheel  Load,  C 
Crack  Frequency,  B 
Interaction,  B  x  C 


.70 

3.76 

.U3 


'.1 


2.81 
3.18 
2.81 


Significance 


NS 

.1  level 
NS 


I 
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Table  l5.  Baae  Course  Modulus,  ^,   in  1,000  psi 


Station 

Dual  Wheel  Load, 
6,000       11,2$0 

^pounds ) 
13,390 

Crack 
Frequency 

2h9 

U9.7 

101.2 

132.0 

Loir 

30U 

U9.7 

101.0 

73.2 

High 

275 

55.2 

50.6 

28.1 

Low 

U60 

27o6 

65.0 

U7.2 

High 

U26 

55.2 

50.6 

69. U 

High 

U38 

17.8 

2U.0 

U7.2 

Low 

Table  16.  Results  of  Two-Way  Analysis  of  Variance  of  Base  Course 
Moduli  Values 


Source  of  Variance 

F 

F.l 

Significance 

Wheel  Load,  C 

1.07 

2.81 

NS 

Crack  Frequency,  B 

0.06 

3.18 

NS 

Interaction!  B  x  C 

O.lit 

2.81 

HS 
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from  which  the  moduli  values  were  calculated  and  the  methods  of  calcula- 
tion are  presented  in  Appendix  C.  The  results  are  presented  in  Tables  17 
and  18. 

Summary 

Figures  26  through  31  summarize  the  relative  moduli  values  obtained 
from  the  total  deflection  measurements.  Figure  32  shows  tjrpical  modulus 
values  at  different  offset  distances. 

No  significant  relationship  was  shown  to  exist  between  the  subgrade 
moduli  values  calculated  and  crack  frequency.  A  significant  relationship 
between  crack  frequency  and  subbase  moduli  was  established  (at  the  0,1 
level).  It  was  shown  that  with  ten  percent  chance  of  error,  low  crack 
frequency  areas  have  higher  subbase  moduli  values  than  high  crack  fre- 
quency areas.  There  appeared  to  be  no  relationship  between  crack  fre- 
quency and  base  course  modulus o 

In  general,  the  results  indicated  that  the  base  course  had  higher 
relative  moduli  values  than  the  subgrade,  and  the  subgrade  somewhat  high- 
er than  the  subbase.  Moduli  values  calculated  at  the  one  and  two  foot 
offsets  were  in  general  agreement  with  the  values  calculated  from  the 

zero  offset  data. 

It  should  be  emphasized  again  that  the  moduli  values  computed  are 
relative  values  only.  However,  their  relative  values  provided  a  means 
whereby  the  characteristics  of  one  layer  could  be  ccwipared  with  another. 
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Table  17.  Subgrade  and  Subbase  Modulus  at  One  Foot  Offset,  E3  and  Eg, 
in  1,000  psi 


Station 

Subgrade 
Dual  Wheel  Load, 

6,000  11,250 

pounds 
13,390 

Subbase 
Dual  Wheel  Load, 
6,000   11,250 

pounds 
13,390 

2U9 

35.5 

31.2 

2I4.9 

18.2 

12.6 

Ul.3 

30U 

35.5 

23.6 

27.9 

9.2 

* 

» 

275 

35.5 

31.2 

27.9 

18.2 

12.6 

11.2 

U60 

52.2 

37.9 

55.8 

18.2 

8.1 

11.2 

U26 

21.6 

37.9 

31.8 

8.7 

12.6 

h5.8 

U38 

26.8 

U7.2 

Uh.8 

18.2 

25.2 

21.7 

Table  18 »  Subgrade  Modulus  at  Two  Foot  Offset,  E3,  in  1,000  psi 


Station 

Dual  Wheel  Load, 

6,000      11,250 

pounds 

13,390 

2U9 

36.0 

31.6 

31. U 

30U 

76.0 

Ul.6 

31. U 

275 

36.0 

31.6 

31. U 

U60 

76.0 

Ul.6 

39.0 

U26 

18.5 

Ul.6 

31.U 

h38 

2U.5 

Ul.6 

51.6 

7» 
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FIG. 26        RELATIVE  MODULUS  OF 
PAVEMENT      LAYERS,  STATION    249 
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FIG. 27       RELATIVE  MODULUS  OF 
PAVEMENT   LAYERS.  STATION    304 
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FIG. 28       RELATIVE    MODULUS  OF 
PAVEMENT    LAYERS  ,  STATION     275 
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FIG. 29       RELATIVE    MODULUS  OF 


PAVEMENT     LAYERS,    STATION    460 
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FIG30       RELATIVE    MODULUS    OF 
PAVEMENT    LAYERS,  STATION   426 
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FIG. 31        RELATIVE   MODULUS  OF 
PAVEMENT     LAYERS,   STATION    438 
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FIG.32       RELATIVE  MODULUS     vs  OFFSET 
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PART  17 
DISCUSSION,  CONCLUSIONS,   AND  RECOlOffiNDATIONS 
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DISCUSSION 
Results  of  the  preceding  sections  are  briefly  reviewed  in  t  he  order 
they  have  appeared;  significant  information  is  emphasized  and  in  some 
cases  enlarged  upon.  The  information  most  pertinent  to  the  cracking  that 
has  occurred  on  the  Indiana  Test  Road  is  combined  and  discussed.  The 
question  of  whether  or  not  total  deflections  are  effective  in  evaluating 
pavement  distress  for  the  road  that  was  studied  is  answered.  Discussion 
concerning  the  effectiveness  of  the  evaluation  is  included. 

Cracking,  Rutting,  and  Surface  Deflection 

Cracking 
The  most  important  conclusions  obtained  from  the  cracking  survey  of 

the  Indiana  Test  Road  are: 

1.  Crack  frequency  was  not  statistically  related  to  subgrade 

soil  type. 

2.  More  cracks  have  occurred  in  the  traffic  lane  than  in  the 

passing  lane, 

3.  Observation  has  shown  that  the  cracking  has  progressed 

since  first  appearing o 
As  shown  in  Table  1  (page  1$)  pavements  built  over  each  of  the  four 
subgrade  types  showed  on  the  average  more  than  100  linear  feet  of  cracks 
per  station.  Since  the  subgrade  soils  ranged  from  high  quality  granular 
materials  (A-l-a  classification)  to  those  of  silty  clay  (A-6  classifica- 
tion), low  subgrade  support  probably  was  not  responsible  for  the  pavement 
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cracking.  If  low  subgrade  support  was  the  cause  of  the  cracking,  one 
would  expect  a  greater  number  of  cracks  in  pavement  built  over  the  silty 
clay  subgrade.  Table  1  shows  that  this  was  not  the  case. 

More  cracks  have  occurred  in  the  traffic  lane  than  in  the  passing 
lane.  Since  traffic  volumes  are  considerably  lighter  in  the  passing  lane 
than  in  the  traffic  lane,  the  number  of  repetitions  of  load  would  seem 
to  be  the  factor  most  related  to  the  number  of  cracks o  The  cracking  has 
progressed  since  first  noticed  in  1957  to  the  point  where  some  sections 
of  passing  lane  over  all  the  subgrade  types  are  beginning  to  show  as 
many  cracks  as  sections  of  the  traffic  lane;  observation  seems  to  indi- 
cate that  the  cracking  is  continuing  at  an  increasing  rate.  Thus  it 
seems  likely  that  as  repetitions  of  load  accumulate  in  the  passing  lane, 
this  progression  will  continue. 

Other  factors,  such  as  pavement  thickness,  lateral  support,  and 
drainage,  could  also  contribute  to  the  difference  in  crack  frequencies. 
However,  these  factors  would  affect  both  lanes  equally. 

It  should  be  emphasized  that  the  pavement  cracking  at  present  does 
not  affect  the  serviceability  of  the  pavement  from  the  standpoint  of  the 
motorist.  Even  where  wheel  track  rutting  occurs,  the  surface  is  as  yet 
not  in  a  condition  that  would  affect  the  comfort  of  the  driver. 

Surface  Deflection  and  Rutting 
Analysis  of  the  surface  deflection  and  wheel  track  rutting  data 
allowed  several  important  conclusions  to  be  drawn  concerning  the  Indiana 
Test  Road,  The  more  important  of  these  are: 

1.  No  significant  relationship  was  found  between  crack 


i 


i 


I 


87 


frequency  and  either  surface  deflection  or  tnitting. 

2,  Both  surface  deflection  and  pavement  rutting  were  shown 
to  be  influenced  by  subgrade  type. 

3,  A  relationship  existed  between  rutting  and  surface  de- 
flection data;  that  is,  high  surface  deflections  were 
associated  with  the  larger  rutting  values  and  vioe-versa. 

The  absence  of  a  significant  relationship  between  surface  deflection 
and  crack  frequency  is  perhaps  the  most  important  finding  of  the  study. 
In  the  statistical  analysis,  the  hypothesis  was  made  that  no  relationship 
existed  between  crack  frequency  and  deflection.  This  hypothesis  could 
not  be  rejected  even  at  the  .01  or  .0^  level.  Table  5,  page  27,  and  the 
accompanying  analysis  illustrate  this  point. 

Several  highway  departments  are  relying  on  correlation  between 
surface  deflection  and  pavement  distress  as  a  tool  for  evaluating  pavement 
performance  (10)  (l5)  (16).  It  is  natural  that  those  charged  with  the 
responsibility  of  evaluating  pavements  should  want  to  develop  a  pavement 
evaluation  procedure  using  a  device  which  can  be  moved  easily  and  quickly 
to  obtain  large  numbers  of  deflection  measurements.  The  data  obtained  in 
this  study  show  clearly  that  the  Indiana  Test  Road  is  one  example  of  a 
highway  for  which  such  an  evaluation  procedure  cannot  be  used.  The  only 
success,  to  this  writer's  knowledge,  of  correlating  total  deflection 
with  pavement  distress  is  reported  by  Huculak  (U).  In  this  instance 
large  permanent  deformations  caused  by  an  extremely  weak  subgrade  were 
the  symptoms  of  distress. 

Actually  there  is  no  reason  why  there  should  be  a  relationship  be- 
tween crack  frequency  and  surface  deflection.  Surface  deflection,  which 
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is  the  sum  of  the  deformations  that  occur  in  all  the  layers  of  the  pave- 
ment structure  and  of  the  subgrade,  is  dependent  upon  many  factors.  Gross 
load,  tire  pressures,  moisture  content  of  the  subgrade,  density  of  all  the 
pavement  components,  volume  change  characteristics  of  the  subgrade  layers, 
and  the  season  of  the  year  are  some  of  the  important  factors  that  affect 
surface  deflection  measurements.  For  example,  natural  variations  in  sub- 
grade  moisture  content  from  one  location  to  another  could  cause  different 
deflections ,  regardless  of  the  cracking  that  had  occurred  in  the  pavement 
surface.  Additional  discussion  on  this  subject  is  given  below  in  the  para- 
graphs concerning  layered  system  deflections. 

Perhaps  not  as  important,  but  nevertheless  worth  discussing,  is  the 
relationship  found  between  rutting  and  total  deflection.  Wheel  track  rut- 
ting reflects  the  permanent  volume  change  characteristics  of  the  pavement 
layers  and  subgrade.  In  this  case  subgrade  type  was  shown  to  be  a  statis- 
tically significant  factor  affecting  the  amount  of  rutting.  The  largest 
rutting  values  were  associated  with  the  fine-grained  subgrades.  Since 
surface  deflections  were  also  found  to  be  affected  by  subgrade  type,  a 
relationship  was  found  between  deflection  and  rutting. 

Layered  System  Deflections 
The  relative  modulus  values  which  were  calculated  from  the  layered 
system  deflection  measurements  indicated  three  important  points! 

1.  Subgrade  and  base  course  modulus  values  could  not  be 
shown  to  be  related  to  crack  frequency. 

2.  Areas  having  different  crack  frequencies  had  subbase 
modulus  values  that  were  significantly  different  at 
the  0,1  level. 
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3.  In  general,  the  base  course  had  higher  modulus  values 
than  the  subgrade,  and  the  subgrade  somewhat  higher  than 
the  subbase. 
Before  discussion  is  continued,  the  limitation  of  the  modulus  calcu- 
lations should  be  restated  here.  The  flexible  pavement  under  study  con- 
sists of  materials  which  are  not  perfectly  elastic.  However,  since  the 
measured  deflections  were  recoverable  and  not  permanent  in  nature,  the 
application  of  elastic  theory  was  considered  worthwhile. 

Since  the  calculation  of  relative  moduli  takes  in  account  decrease 
in  stresses  with  increase  in  pavement  depth,  these  modulus  values  present 
a  truer  overall  picture  of  how  the  pavement  structure  behaves  than  the 
deflection  measurements  by  themselves.  The  fact  that  the  subbase  was 
found  to  have  lower  relative  modulus  values  than  the  subgrade  was  surpris- 
ing. It  is  true  that  the  subgrade  has  been  subjected  to  seven  years  of 
heavy  traffic,  and  the  deflection  measurements  were  taken  during  the  dry 
season  of  the  year,  but  the  same  can  be  said  for  the  subbase. 

The  subbase  as  used  in  this  test  pavement  has  two  primary  functions. 
First,  it  is  a  drainage  layer  which  permits  escape  of  water  through  the 
shoulders.  Second,  it  is  a  transitional  layer  between  the  subgrade  and 
base  course.  To  fulfill  this  second  purpose,  the  subbase  ideally  must 
not  deform  as  much,  for  the  same  imposed  stresses,  as  the  subgrade. 

The  subbase  in  this  road  consisted  of  a  relatively  "clean"  cohesion- 
less  sand.  This  satisfied  the  drainage  criterion  mentioned  above;  how- 
ever, it  is  known  that  there  was  difficulty  encountered  in  compacting  the 
subbase  during  its  construction  due  to  its  instability.  It  was  necessary 
to  add  fine  stone  screenings  to  the  top  of  the  subbase  layer  so  that 
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construction  equipment  could  be  moved  across  it.  This  indicates  the 
possibility  that  the  subbase  material  was  not  of  the  quality  that  was 

expected. 

The  fact  that  subbase  moduli  were  found  to  be  related  statistically 
to  crack  frequency  is  considered  to  be  important.  Even  though  the  rela- 
tionship was  statistically  significant  only  at  the  0.1  level,  this  infor- 
mation, compared  to  the  complete  lack  of  relationship  found  between  crack- 
ing and  the  other  factors  (as  evidenced  by  very  low  F  ratios  in  the  anal- 
ysis of  variance  concerning  total  deflection  subgrade  modulus,  and  base 
course  modulus),  indicates  that  high  deformation  in  the  subbase  contribut- 
ed to  the  occxirrence  of  surface  cracks.  Also,  it  should  be  pointed  out 
that  the  lowest  subbase  modulus  values  were  obtained  at  Station  U26  where 
the  most  severe  cracking  of  the  entire  road  occurred.  The  pavement  at 
this  location  was  built  over  A-l-a  (granular)  type  subgrade. 

Finding  that  the  subgrade  modulus  values  were  not  related  to  crack 
frequency  agrees  with  the  conclusions  drawn  in  the  cracking  study.  Actu- 
ally, if  there  were  subgrade  weaknesses  that  were  related  to  pavement 
cracking,  they  might  not  appear  during  the  suruner  or  fall  and  might  be 
evident  only  during  the  spring  thaw  period.  This  was  not  the  case  for 
the  Indiana  Test  Road,  because  there  were  four  major  soil  types,  and  high 
crack  frequencies  occurred  over  all  of  them  during  the  same  time  period, 
A3  pointed  out  earlier  in  this  discussion,  since  four  distinct  soil  types 
were  present,  if  the  subgrade  was  a  contributing  factor  it  would  have 
shown  up  in  the  crack  survey. 
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Ductility  and  Penetration  Tests 
At  this  point  some  mention  should  be  made  concerning  penetration  and 
ductility  tests  made  on  asphalt  extracted  from  cores  removed  from  the  test 
pavement.  The  results  of  these  tests,  made  in  accordance  with  ASTM  desig- 
nation D113-Wi  (Ductility)  and  ASTM  Designation  D$-^2  (Penetration),  are 
presented  in  Table  19.  These  results  are  presented  to  show  that  the  pene- 
trations and  ductilities  of  the  asphalt  were  not  sufficiently  low  to  cause 
pavement  cracking  by  themselves. 

Table  19.  Average  Ductility,  cms,  and  Penetration,  .1mm,  Core  Layers 


Station 

Crack 
Frequency 

Surface 
Pene.  Duct. 

Core  Component 
Binder 
Pene.  Duct. 

Base 
Pene.  Duct. 

3U7 

High 

29 

8 

39 

22 

U2 

3U 

2U9 

Low 

27 

7 

30 

12 

35 

22 

30U 

High 

28 

7 

35 

29 

m 

39 

275 

Low 

28 

6 

3U 

lU 

Ui 

30 

U60 

High 

33 

12 

Uo 

2U 

Ul 

36 

li53 

Low 

29 

7 

29 

9 

32 

lU 

U26 

High 

22 

5 

28 

10 

31 

19 

li38 

Low 

22 

6 

28 

13 

33 

17 

It  should  be  noted  that  the  penetration  and  ductility  values  are  the 
lowest  for  the  surface  course  and  the  largest  for  the  base  course.  This 
undoubtedly  is  a  result  of  the  surface  being  more  oxidized  than  the  base 
since  it  was  exposed  to  greater  weathering  influences.  Both  the  penetra- 
tion and  ductility  values  are  rather  low,  particularly  for  the  surface. 
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This  could  present  conditions  conducive  to  pavement  cracking.  However, 
these  values  are  not  uncommonly  low,  because  it  is  possible  for  a  pave- 
ment to  have  even  lower  penetrations  and  ductilities  and  not  show  any 
distress.  Brown,  Sparks,  and  Larsen  (28)  presented  penetration  and  duc- 
tility results  from  two  rigid  pavement  overlays  of  asphalt ic  concrete 
over  a  period  of  nine  years.  Four  different  asphalts  were  used,  with 
original  penetrations  of  60,  62,  U9,  and  53  and  ductilities  of  l^O/,  l5o/, 
U9,  and  53.  Within  five  years  the  penetrations  were  36,  21,  37,  and  2U 
respectively,  and  the  ductilities  were  7U,  8,  6,  and  6  respectively.  At 
the  end  of  ten  years ,  the  pavements  were  still  in  perfect  condition.  Al- 
though these  surfaces  were  built  over  a  rigid  base,  the  data  support  the 
contention  that  it  was  not  a  brittle  nature  of  the  Indiana  Test  Road  sur- 
face which  was  the  prdjnary  cause  of  pavement  cracking. 

Evaluation  of  Test  Pavement 
On  the  basis  of  the  findings  from  the  cracking  survey,  surface  de- 
flection and  rutting  studies,  and  the  layered  system  deflection  analysis, 
it  is  believed  that  greater  than  normal  deflection  in  the  subbase  is  an 
important  factor  in  the  cause  of  cracking  that  is  occurring  in  the  test 
pavement.  The  two  most  important  reasons  for  drawing  this  conclusion  are: 

1.  Areas  of  high  crack  frequency  were  associated  with  low 
values  of  subbase  modulus  and  vice-versa  (see  Table  13, 

page  7U). 

2 .  Crack  frequency  was  not  found  to  be  associated  with  type 
of  subgrade  nor  with  the  relative  modulus  values  of  either 
the  subgrade  or  base. 
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The  most  important  supporting  fact  is  that  the  cracking  occurred  regard- 
less of  the  subgrade  type  over  which  the  pavement  was  built.  If,  for 
example,  the  subbase  was  omitted  in  the  design  and  cracking  resulted  be- 
cause of  subgrade  characteristics,  the  cracking  would  undoubtedly  be  more 
severe  over  one  subgrade  soil  type  than  another.  However,  with  the  sub- 
base  included  in  the  design  and  if  the  cracking  was  to  be  attributed  to 
the  subbase,  because  of  its  relatively  uniform  nature,  one  would  expect 
the  cracking  to  occur  in  all  sections  of  the  road. 

Cracking  in  a  pavement  surface  can  be  caused  by  many  factors  includ- 
ing 1)  shear  stresses,  2)  tensile  stresses  induced  by  temperature  and 
moisture  changes  in  the  surface  itself,  3)  tensile  stresses  due  to  bend- 
ing caused  by  deflection  of  the  pavement  structure,  and  h)   stresses  due 
to  repeated  loads  which  are  bending  stresses  which,  when  few  in  number 
are  not  destructive,  but  when  repeated  in  numbers  commensurate  with  high 
traffic  volumes  can  be  detrimental. 

Shear  stresses  in  the  pavement  surface  can  be  assumed  to  be  a  major 
factor  contributing  to  cracking  where  rutting,  upheaval  outside  the  loaded 
area,  and  other  permanent  differential  settlements  are  evident.  In  the 
case  of  this  road,  rutting  and  cracking  were  found  to  be  unrelated  (Table 
8,  page  35).  The  cracks  that  did  occur  were  quite  smooth  and  lacked  the 
evidence  of  a  shear  type  of  failure. 

Tensile  stresses  induced  by  moisture  and  temperature  changes  would 
be  evidenced  by  the  formation  of  transverse  and  longitudinal  cracks  in 
somewhat  regular  patterns,  similar  to  those  commonly  found  in  portland 
cement  concrete.  This  is  probably  not  the  situation  at  the  test  road. 
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although  it  could  be  a  secondary  factoro  If  the  ductility  and  penetration 
results  were  considerably  lower  than  reported,  this  cause  would  be  more 

likely. 

Failure  due  to  tensile  stresses  resisting  bending  may  or  may  not  re- 
sult In  permanent  deformation,  but  only  a  limited  number  of  loads  would 
be  required  to  cause  the  failure o  Since  considerably  fewer  cracks  have 
occurred  in  the  passing  lane  than  in  the  traffic  lane,  and  since  essen- 
tially equivalent  conditions  exist  under  the  pavement  surface  of  each 
lane,  number  of  load  repetitions  must  be  an  important  factor. 

In  conclusion,  repeated  loadings  leading  to  excessive  deformation  in 
the  subbase  is  considered  to  be  the  major  factor  causing  the  pavement 
cracking.  It  should  be  noted  again  that  measurement  of  surface  deflections 
alone  were  inadequate  in  drawing  this  conclusiono 

Effectiveness  of  Evaluation  Methods 
The  importance  of  being  able  to  evaluate  causes  of  various  pavement 
defects  has  been  discussed  earlier  in  this  thesis  and  should  be  emphasized 
again  at  this  point.  Flexible  pavement  design  methods  cannot  be  evaluated 
properly  unless  the  reasons  for  their  shortcomings  can  be  made  knowno  In 
order  to  do  this  adequately,  each  component  of  the  pavement  structure 

should  be  examined o 

The  procedures  used  in  this  study  provided  a  basis  upon  which  to  de- 
velop reasonable  answers  to  the  question  of  what  was  causing  the  cracking 
of  the  test  pavement.  However,  the  problem  is  of  such  ccmplexity  as  to 
make  impossible  complete  explanations  of  all  of  the  behavior  of  the  pave- 
ment structure o  For  example,  if  the  subbase  course  is  partly  responsible 
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for  the  cracking,  why  do  not  the  cracks  resemble  map-type  cracking  more 
than  they  doo  Most  of  the  initial  cracks  were  essentially  longitudinal 
with  some  of  the  later  cracks  tending  to  be  diagonal  in  directiono  A 
reason  for  the  direction  of  crack  formation  could  not  be  obtained  from 
any  of  the  data  obtained  in  this  study  and  at  this  point  can  only  be  pre- 
sented as  conjecture.  One  such  answer  would  point  out  that  the  cracks, 
although  mostly  longitudinal,  are  quite  jagged  and  irregular.  Like  break- 
ing a  large  piece  of  glass,  one  crack  encourages  additional  cracking,  and 
with  the  traffic  moving  in  only  one  direction,  a  general  longitudinal 
direction  could  be  encouraged.  Also,  since  the  heaviest  loads  are  on 
tandem  axles,  shorter  radii  of  curvature  are  produced  in  the  transverse 
direction' (across  the  dual  wheels)  than  in  the  longitudinal  direction© 
These  shorter  radii  would  cause  transverse  bending  stresses  greater  than 
longitudinal  stresses,  thus  encouraging  longitudinal  cracks. 

By  showing  that  there  was  no  relationship  between  total  deflection 
and  crack  frequency,  greater  emphasis  is  placed  on  the  need  of  measuring 
deflections  in  each  pavement  layer o 

Deflection  Measurement  Procedure 
It  is  important  that  one  of  the  specific  test  methods  used  be  dis- 
cussed here.  The  method  of  making  the  surface  deflection  measurements 
differs  from  that  developed  by  the  WASHO  Test  Road  personnel  (7).  In 
the  WASHO  method  the  probe  of  the  Benkelman  beam  is  placed  between  the 
dual  wheels  to  a  distance  of  U.5  feet  under  the  truck.  The  truck  then 
pulls  forward  and  initial  and  maximum  dial  readings  are  recorded.  This 
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puts  the  dual  wheels  initially  about  three  feet  from  the  reference  feet 
of  the  beamo  Data  obtained  during  the  surface  deflection  study  of  this 
report  indicate  that  in  most  instances  movement  of  the  reference  feet 
would  have  occurred  if  this  procedure  had  been  used.  The  procedure  used 
in  this  study  wherein  the  dual  wheel  comes  no  closer  to  the  feet  than  To? 
feet  is  recommended  over  that  developed  at  the  WASHO  Road  Testo 
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SUMMARY  OF  CONCLUSIONS  AND  RESULTS 
Concerning  the  pavement  cracking  of  the  Indiana  Test  Road  sections, 
the  following  conclusions  are  d  rawn: 

1.  Total  deflections,  by  themselves,  were  not  effective  in 
determining  the  cause  of  the  distress. 

2.  Deflection  measurements  of  the  individual  layers  of  a 
flexible  pavement  structure  were  useful  in  showing  the 
relationship  between  the  pavement  cracking  and  properties 
of  a  particular  layer. 

3.  Determination  of  relative  modulus  values  were  used  satis- 
factorily in  an  evaluation  of  the  relationship  of  deflection 
of  one  layer  to  another e 

U.  The  procedure  of  backing  the  truck  so  that  the  dual  wheel 
just  passes  over  the  probe  end  of  the  Benkelman  beam  was 
found  to  be  preferable  to  the  procedure  where  the  truck 
begins  only  three  feet  from  the  reference  feet  of  the  beam* 
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RECOMMENDATIONS 
Recommendations  in  three  areas  are  made.  They  deal  with  the  proced- 
vires  of  the  layered  system  study,  the  location  of  the  deflection  holes, 
and  the  obtaining  of  springtime  deflection  measurements. 

Procedures  of  Layered  System  Study 

Installation  of  Holes 
The  need  for  several  modifications  in  the  installation  procedure  in 
future  work  is  indicated.  One  of  these  modifications  concerns  the  use 
of  plaster  of  Paris  for  surrounding  the  pipe  casing.  Plaster  of  Paris 
should  still  be  used,  but  if  a  fine  sand  was  poured  in  initially  to  fill 
the  bottom  inch  or  two  of  the  void  space,  a  barrier  could  be  made  to  pre- 
vent the  liquid  plaster  of  Paris  from  seeping  under  the  pipe  and  inter- 
fering with  the  action  of  the  reference  rod.  This  occurred  on  several 
occasions  resulting  in  the  need  for  discarding  data  from  two  holes.  It 
is  believed  that  the  plaster  of  Paris  was  quite  efficient  in  filling  the 
voids  surrounding  the  pipe  casing.  Also,  a  field  test  indicated  that 
plaster  of  Paris  did  not  bond  very  well  to  the  oiled  pipe, 

A  second  modification  should  be  that  no  attempt  should  be  made  to 
secure  the  reference  rod  to  the  bottom  of  the  hole.  If  a  firm,  solid 
base  was  made  with  the  plaster  of  Paris,  and  care  taken  that  it  did  not 
reach  the  sides  of  the  casing,  the  reference  rod  could  then  be  placed 
satisfactorily  each  time  a  deflection  measurement  was  desired. 
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For  casing  the  deep  holes  (n\imber  four)  for  the  entire  depth,  the 
drilling  procedures  were  not  entirely  satisfactory.  Casing  was  used  for 
the  entire  depth  at  two  locations,  but  great  difficulty  was  experienced 
in  doing  so.  In  these  cases,  the  pipe  had  to  be  driven  the  last  two  feet 
or  so  because  it  was  not  possible  to  drill  a  straight  hole  to  that  depth. 
When  the  subgrade  was  cohesive,  leaving  the  hole  uncased  for  the  final 
three  feet  proved  satisfactoryo 

Since  the  deep  holes  did  not  produce  consistent  data,  it  would  per- 
haps be  better  to  use  a  lesser  depth,  say  at  about  two  feet  below  the  top 
of  the  subgrade.  This  would  be  shallow  enough  to  record  definite  deflec- 
tions, and  deep  enough  to  define  the  strength  of  the  subgrade. 

The  hole  caps  seemed  to  perform  very  satisfactorily.  In  fact,  upon 
several  occasions  when  the  lunch  hour  interrupted  the  test  series,  the 
caps  were  placed  in  the  holes  without  the  nails,  and  traffic  was  allowed 
over  them.  In  no  case  was  a  cap  lost.  At  this  vrriting,  three  months  af- 
ter the  tests,  only  two  caps  have  been  lost,  apparently  due  to  a  defective 
weld  of  the  top  plate  to  the  tube  which  inserts  into  the  pipe. 

Test  Procedures 

No  major  changes  are  recommended  in  the  test  procedures.  The  pro- 
cedures proved  to  be  efficient,  and  results  were  produced  of  sufficient 
accxiracy  to  fulfill  the  purpose  of  the  project. 

The  procedure  of  backing  the  truck  toward  the  probe  point  from  a 
distance  of  ton  feet  away  and  then  having  the  t  ruck  immediately  move  for- 
ward worked  satisfactorily.  In  this  manner,  the  applied  load  was  transi- 
ent to  a  degree,  yet  it  remained  over  the  point  long  enough  for  a  maximum 
deflection  value  to  be  obtained.  However,  this  procedure  would  have  been 
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of  greater  value  if  a  more  precise  method  was  available  for  indicating 
when  the  rear  axle  of  the  t  ruck  was  exactly  opposite  the  individual  foot 
marks.  This  would  have  made  the  data  adaptable  for  radius  of  curvature 
measurements • 

A  highly  competent  driver  operated  the  trucks o  Without  him  the  work 
would  have  been  extremely  difficult  to  perform,  A  good  truck  driver  is 
an  essential  part  of  undertaking  such  a  project o 

On  the  basis  of  previous  discussion,  the  foot  measurements  and  the 
side  of  dual  wheel  measurements  are  not  recommended.  Instead,  if  a  sec- 
ond beam  was  available,  surface  measurements  should  be  taken  between  the 
tires  of  the  left  rear  dual  wheel  as  well  as  between  the  tires  of  the 
right  wheel.  This  would  give  a  relatively  valid  deflection  value  with 
which  to  correct  the  hole  measurements  for  hole  to  hole  differences  of 
total  deflectiono 

Traffic  Lane  Deflection  Holes 
In  the  case  of  the  Indiana  Test  Road,  there  was  considerably  more 
cracking  in  the  traffic  lane  than  in  the  passing  lane.  If  deflection 
holes  were  installed  in  the  traffic  lane  instead  of  the  passing  lane,  a 
greater  spread  between  low  and  high  crack  frequency  for  each  of  the  sub- 
grade  types  could  have  been  obtained.  This  might  have  resulted  in  better 
correlation  between  crack  frequency  and  the  causative  factors.  The  de- 
flection holes  stood  up  well  enough  under  the  passing  lane  traffic  to 
make  it  seem  likely  that  they  would  also  hold  up  under  the  traffic  of 
the  traffic  laneo 
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Springtime  Measurements 
In  many  cases,  springtime  measurements  would  be  invaluable.  Sub- 
grade  weaknesses  that  were  related  to  pavement  cracking  might  not  appear 
during  the  summer  or  fall  and  would  only  be  evident  during  the  spring 
thaw  period.  This  was  not  the  case  for  the  Indiana  Test  Road,  because 
there  were  four  major  subgrade  soil  types  and  high  crack  frequencies  oc- 
curred over  all  of  them.  However,  if  a  highway  was  tested  that  had  only 
similar  subgrade  soil  types,  tests  run  when  the  subgrade  was  at  its  weak- 
est would  be  the  only  way  of  truly  evaluating  the  role  of  the  subgrade » 
In  the  case  of  the  Indiana  Test  Road,  even  though  the  subgrade  was  elimi- 
nated early  as  a  causative  factor  of  the  pavement  cracking,  it  would  be 
valuable  to  know  how  the  relative  strength  of  the _ subgrade  compares  to 
the  subbase  and  base  courses  during  the  spring  thaw  period.  Little  is 
known  about  the  behavior  of  the  different  layers  of  a  pavement  during 
the  critical  period  of  the  year,  so  that  any  additional  information  con- 
cerning the  spring  thaw  period  would  be  an  important  contribution  to  the 
small  amount  of  information  already  available. 
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Tables  Relating  19g9  and  I960  Total  Deflection 

Data  to~5ubgrade5oirType,  Crack  Frequency, 

and  Pavement  Surface  Thickness 
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TABLE  20 


■■- 

1959  1 

Data 

Soil 
Type 

Recording  Position 

Total  Deflection, 
12     3 

0.001 

U 

inch 
5 

•  J   £-■■—■ 

Avg.  Tot.  Deflection 

9 

111 

6 

lU 

8 

A-1 

Maximum  Deflection 
Minimum  Deflection 

17 
2 

20 
10 

10 

1 

20 
11 

13 
5 

Range 

IS 

10 

9 

9 

8 

Avg.  Tot.  Deflection 

10 

18 

7 

18 

10 

A-2 

Maximum  Deflection 
Minimum  Deflection 

19 
0 

26 
12 

18 

1 

21 

15 

12 

6 

Range 

19 

lU 

17 

6 

6 

Avg.  Tot.  Deflection 

15 

25 

8 

22 

12 

A-U 

Maximum  Deflection 
Minimum  Deflection 

21 
7 

36 
17 

lU 
U 

26 
20 

13 

8 

Range 

lU 

19 

10 

6 

5 

Avg.  Tot.  Deflection 

lU 

26 

6 

22 

13 

Maximum  Deflection 

22 

33 

9 

3U 

19 

Minljnum  Deflection 

6 

17 

2 

17 

9 

Range 

16 

16 

7 

17 

10 

i 


I 
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TABLE  21 

Relationship  Between  Soil  Type  and  Total  Deflection 
I950  15at5 

Soil                       Total  Deflection,  0.001  inch 
Type   Recording  Position 1 2 3 h 5_ 

Avg.  Max.  Deflection    9    l5     3    lU     9 

Maximum  Deflection     16     21     5     20     11 

Minimum  Deflection      6     11     1     11     5 


A-1 


A-2 


A-U 


A-6 


Range 


10    10     U     9     6 


Avg.  Max.  Deflection  10  l5  3  13  8 

Maximum  Deflection  l5  20  ^  17  9 

Minimum  Deflection  U  9  2  10  7 

Range  11  11  3  7  2 

Avg.  Max.  Deflection  12  21  U  18  11 

Maximum  Deflection  18  30  6  2^  lU 

Minimum  Deflection  7  10  2  10  3 


Range 


11    20     U    15    11 


Avg.  Max.  Deflection  13  20  k  18  11 

Maximum  Deflection  27  3U  6  3U  17 

Minimum  Deflection  U  13  2  12  8 

Range  23  21  U  22  9 


I 


j 
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A-1 


A-2 


A-U 


A-6 


TABLE  2S 


Relationship  Between  Soil  Type  and  Total  Deflection 
Combined  19^9  and  19^0  Data 

g^^]^  Total  Deflection,  0.001  inch 

12      3      U    1 


Avg.  Max.  Deflection 

9 

Ih 

5 

lU 

9 

Maximum  Deflection 

16 

21 

8 

20 

13 

Minimum  Deflection 

2 

10 

1 

11 

5 

Range 

lU 

11 

7 

9 

8 

Avg,  Max.  Deflection 

10 

16 

U 

15 

9 

Maximum  Deflection 

19 

26 

8 

22 

12 

Minimum  Deflection 

1 

9 

2 

8 

6 

Range 

18 

17 

6 

Hi 

6 

Avg,  Max.  Deflection 

lU 

23 

5 

21 

12 

Maximum  Deflection 

2U 

36 

lU 

26 

lU 

Minimum  Deflection 

7 

10 

2 

10 

3 

Range 

17 

26 

12 

16 

11 

Avg.  Max.  Deflection 

lU 

23 

5 

20 

11 

Maximum  Deflection 

27 

3U 

12 

3U 

17 

Minimum  Deflection 

k 

13 

2 

12 

8 

Range 

23 

21 

10 

22 

9 

1 


i 
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A-1 


TABLE  23 

Relatlonahip  Between  Lanes  and  Deflections 
1939  Data 

Total  Deflection,  0.001  inch 

Soil  Recording  Pto    1       2       3     „  ^„    a,  ^o 
Type  Lane Tra.Pas.  Tra.Pas.  Tra.Pas.  Tra.Pae.  Tra.Pas. 

Avg.  Tot.  Defl.  9  8  16  13  8  U  I6  13  11  6 

Maximum  lU  17  20  lU  10  8  20  lU  13  7 

Minimum  6  2  10  11  7  1  12  11  10  5 

Range  8  1^  10  3  3  7  8  3  3  2 

Avg.  Tot.  Defl.  13  7  20  16  9  6  18  18  10  10 

Maxiimim  19  10  26  19  18  7  21  20  11  12 

Minimum  6  1  17  12  1  U  1$  l5  6  9 

Range  13  9  9  7  17  3  6  5  5  3 

Avg.  Tot.  Defl.  18  12  28  23    8   7    23  22    13  11 

Maximum  2$  19  32  36    ih  10    25  26    ih  13 

Minimum  12  7  23  16 

Range  13  12  9  20 

Avg.  Tot.  Defl.  17  11  29  23 

Maximum       22  16  33  30 

Minimum        12  6  21  17 

Range         10  10  12  13 


A-2 


A-ii 


A-6 


6 

h 

20 

18 

11 

9 

8 

6 

5 

8 

3 

h 

6 

7 

2U 

20 

lU 

13 

9 

9 

3U 

23 

19 

20 

2 

6 

19 

17 

11 

9 

7 

3 

15 

6 

8 

11 

Over-all  Average 


lU   9    23  19    8   6    20  18    12  10 


Ill 


A-1 


A-2 


TABLE  2k 

Relationship  Betireen  Lanes  and  Deflections 
1950  Data 

Total  Deflection,  0.001  inch 

Soil  Recording  Pt,     1       2  3  U  ^ 

Type  Lane Tra.Pas.  Tra.Pas.  Tra.Pas.  Tra.Pas.  Tra.Paa. 

Avg.  Tot.  Defl.  11   7   15  lii  U   3  16  13  10  8 

Maximum       16   8   21  16  $      h  20  l5  11  9 

Minimum         7   6   11  12  3   1  13  11  9  5 

Range                         92       10       U  23  7h  2U 

Avg.  Tot.  Defl.  13       7      18    12  h      3  l5    11  8  9 

Maximum                  l5       9       20     16  5       3  17     13  9  9 

Minimum                  10      h       17       9  3       2  12     10  7  7 

Range                        55        37  21  53,22 

Avg.  Tot.  Defl.  lU     10       25     17  5       3  22     l5  11  11 

Maximum                   18     lU       30     2U  6       5  25     19  19  lU 

Minimum                   10       7       20     10  U       2  18     10  3  9 

Range                        87      10     Hi  23  79  16  5 

Avg.  Tot.  Defl.  19       8       25     15  5       3  22     l5  11  10 

Maximum                   2?     10       3U     17  6       U  3U     17  17  12 

Minimum                   16       U       18     13  3       2  ih     12  8  9 

Range                      11       6      16      h  3       2  20      5  9  3 

Over-all  Average             lU       8       21     lU  U       3  18     II4  10  10 


A-U 


A-6 


4 


112 


TABLE  20 

Relationship  Between  Lanes  and  Deflections 
Canbined  1959  and  I960 

Total  Deflection,  0.001  inch 
Soil  Recording  Pto     1       2        3        U        5 
Type  Lane Tra.Pas.  Tra.Pas.  Tra.Pas,  Tra.Pas.  Tra.Pas. 

Avg.  Tot,  Defl.  10  7  l6  13 

MaxiBram  16  16  21  l6 

Minimum  6  2  10  11 

Range  10  lU  11  5 


A-1 


A-2 


A-U 


A-6 


6 

U 

16 

13 

10 

6 

10 

8 

20 

1$ 

13 

9 

3 

1 

12 

11 

9 

5 

7 

7 

8 

U 

h 

U 

U 

U 

17 

13 

9 

9 

8 

7 

22 

20 

12 

12 

2 

2 

12 

8 

6 

7 

6 

5 

10 

12 

6 

5 

Avg.  Tot.  Defl.  13  7  19  111 

Maximum  19  10  26  19 

Minimum        6  1  17  9 

Range  13  9  9  10 

Avg.  Tot.  Defl.  16  11  27  20  7  5    22  19    12  12 

Maximum  2k  19  32  36  lU  10    25  26    19  lU 

Minimum  10  7  20  10  U  2    18  10     3   9 

Range  lU  12  12  26  10  8     7  16    16   5 

Avg.  Tot.  Defl.  18  10  27  19  5  5 

Maximum  27  16  3U  30  8  9 

Minimum  12  U  18  13  2  2 

Range  l5  12  16  17  6  7 

Over-all  Average  lU  9  22  l6  5  5    19  16    11 


23 

17 

12 

11 

3U 

23 

17 

ih 

lU 

12 

8 

9 

20 

11 

9 

5 

i 


4 


i 


I 
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A-l 


TABLE  26 

Relationship  Between  Crack  Frequency  and  Deflection 
~~        l9^  Cata 

Total  Deflection,  0.001  inch 

Soil  Recording  Pt.     1        2  3  h  ,     ^„^   ^ 

Type  Crack  Freg.    Low  High  Low  High  Low  High  Low  High  Low  High 

Avg.  Tot.  Defl.  12   6    16  12  7   5  l6  13  8  8 

Maximum        17   8    20  l5  10   7  20  l5  12  13 

Minimum         7   2    13  10  h   1  12  11  5  5 

Range         10   6    7      $  66  8U  78 

Avg.  Tot.  Defl.  11   9    18  17  5   9  17  19  9  11 

Maximum        lU  19    19  26  7  18  20  21  12  11 

Minimum        7   1    17  12  1   U  l5  17  6  10 

Range          7  18    2  lU  6  lU  5   U  6  1 

Avg.  Tot.  Defl.  17  lU    29  22  7   8  22  23  11  13 

Maximum        25  21    36  26  lU  10  26  25  12  lU 

Minimum         7   9    17  16  h   7  18  21  8  12 

Range         18  12    19  10  10   3  8   U  U  2 

Avg.  Tot.  Defl.  15  13    2U  27  7   6  21  23  12  12 

17  22    32  33  9   9  25  3U  13  19 


A-2 


A-U 


A-6 


Maximum 


Minimum        12   6    21  17     6   2    18  17     9  10 


Range 


5  16    11  16    3   7    7  17    U   9 


Over-all  Average     13  10    22  20     7   7    19  19    10  11 


I 
1 


I 


llli 


A-1 


A-2 


TABLE  27 

Relationship  Between  Crack  Frequency  and  Deflection 

I960  I3aEa 

Total  Deflection,  0.001  inch 

Soil  Recording  Pt,     1         2  3  h  5 

Type  Crack  Freq.    Low  High  Low  High  Low  High  Low  Higtt  Low  High 

Avg.  Tot.  Defl.  10   8    16  13  3   3  l5  lU  10  9 

Maximum        16   9     21  16  5   U  20  l5  11  10 

Winimum        6   7     13  11  1   3  11  13  9  5 

Range                       10       2             85  Ul  92  25 

Avg.  Tot.  Defl.  10   9    16  15  3   3  12  lU  t  Q 

Maximum        l5  lU     20  18  3  '  5  16  17  9  9 

Minimum        6   U     9  11  3   2  10  10  7  7 

Range          9  10    11   7  03  67  22 

Avg.  Tot.  Defl.  11  13     22  20  h   U  19  l8  12  11 

Maximum        lU  18     30  26  6   5  25  2U  19  12 

Minimum         8   7     13  10  2   2  ih  10  3  9 

Range         6  11    17  16  h   3  11  lU  16  3 

Avg.  Tot.  Defl.  13  lU     19  20  U   U  17  20  10  12 

Maximum        16  27     2U  3U  6   6  20  3U  11  17 

Minimum         8   U     lU  13  2   3  12  lU  9  8 

Range          8  23     10  21  U   3  8  20  2  9 

Over-all  Average     11  11     18  17  U   U  16  16  10  10 


A-U 


A-6 


i 


J 


11$ 


TABLE 

28 

Relationship  Between  Crack  Frequency  and  Deflect: 
"Combined  1959  and  I960 

Lon 

Total  : 

Deflection, 

,  0.001  inch 

Soil 
Type 

Recording  Pt. 
Crack  Freq. 

1 

Low  1 

^i?h 

2 

Low  1 

High 

3 

Low  High 

U 
Low  1 

^igh 

5 

Low  1 

ligh 

Avg.  Tot. 

Defl. 

11 

7 

16 

13 

5 

h 

15 

lU 

9 

9 

Maximxm 

16 

9 

21 

16 

10 

7 

20 

15 

12 

13 

A-1 

Minimum 

6 

2 

13 

10 

1 

1 

11 

12 

5 

5 

Range 

10 

7 

8 

6 

9 

6 

9 

3 

7 

8 

Avg.  Tot. 

Defl. 

10 

9 

17 

16 

U 

9 

15 

15 

9 

9 

- 

Maximum 

15 

19 

20 

26 

7 

8 

20 

22 

12 

12 

A-2 

Minimum 

6 

1 

9 

11 

2 

2 

10 

8 

6 

7 

Range 

9 

18 

11 

15 

5 

6 

10 

lU 

6 

5 

Avg,  Tot. 

Defl. 

lU 

lU 

25 

21 

6 

6 

21 

21 

12 

12 

Maximum 

2U 

21 

36 

26 

lU 

10 

26 

25 

19 

lU 

A-h 

Minimum 

7 

7 

13 

10 

2 

2 

11; 

10 

3 

9 

Range 

17 

lb 

23 

16 

12 

8 

12 

15 

16 

5 

Avg,  Tot, 

Defl. 

lU 

lU 

22 

2U 

6 

5 

19 

22 

11 

12 

Maximum 

17 

27 

32 

3U 

9 

8 

25 

3l4 

lli 

17 

A-6 

Minimum 

8 

h 

lU 

13 

2 

2 

16 

lU 

9 

8 

Range 

9 

23 

18 

21 

7 

6 

9 

20 

5 

9 

Over-all  Average       12  11    20  18    5   6    17  18    11  10 


J 


m 


TABLE 

29 

Relationship  Between  Surface  Thickness 
n^5^13ata 

and  : 

Deflection 

Soil 
Type 

Recording  Pt, 
Surf.  Thickn. 

1 

5- 

Total  Deflection 
2        3 
5/  5-    5/ 

I,  0. 

5- 

001  inch 
U 
5/  5- 

5 
5/ 

5- 

Avg.  Tot.  Defl. 

8 

9 

111 

15 

6 

7 

13 

15 

8 

9 

A-1 

Maximum 
Minimum 

17 
2 

lU 
6 

18 
10 

20 
11 

8 
1 

10 
U 

16 
11 

20 
12 

10 

5 

12 

5 

Range 

15 

8 

8 

9 

7 

6 

5 

8 

5 

7 

Avg.  Tot.  Defl. 

11 

9 

18 

17 

6 

8 

17 

19 

9 

11 

Maximum 

19 

12 

26 

19 

8 

18 

21 

20 

U 

12 

A-2 

Minimum 

1 

6 

12 

13 

U 

1 

15 

17 

6 

10 

Range 

18 

6 

lU 

6 

h 

7 

6 

3 

5 

2 

Avg.  Tot.  Defl. 

15 

13 

25 

28 

9 

7 

21 

2U 

12 

13 

Maximum 

2$ 

19 

32 

36 

lU 

10 

23 

26 

lU 

lii 

A-li 

Minimum 

7 

11 

16 

23 

5 

U 

18 

21 

8 

12 

Range 

18 

8 

26 

13 

9 

6 

U 

5 

6 

2 

Avg.  Tot.  Defl. 

11 

17 

28 

23 

6 

7 

20 

25 

11 

15 

A-6 

Maximum 
Minimum 

16 
6 

22 
12 

32 
22 

33 

17 

9 
2 

9 
6 

25 
18 

3U 
19 

lU 
9 

20 
U 

Ran  ere 

10 

10 

10 

16 

7 

3 

7 

15 

5 

9 

Over-all  Average 


11  12    21  21     7   7    18  21    11  12 


i 


I 

f 
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TABLE  30 


Relationship  Between  Surface  Thickness  and  Deflection 

Total  Deflection,  0.001  inch 
Soil  Recording  Pto     1        2        3        U        5 
Type  Surf.  Thickn.   $/  ^-    ^/  ^-    3/  3- 3/  3- >2L_Z_ 


Avg.  Tot. 

Defl. 

8 

10 

13 

16 

3 

3 

13 

15 

8 

10 

Maximtm 
A-1 

Mintrainn 

11 
6 

16 

7 

15 
11 

21 
lU 

U 
3 

5 
1 

15 
11 

20 
13 

10 

5 

11 
9 

Range 

5 

9 

U 

7 

1 

U 

U 

7 

5 

2 

Avg.  Tot. 

Deflo 

10 

10 

lU 

17 

3 

3 

13 

13 

9 

8 

UaximuiB 
A-2 

UiniBum 

lU 
h 

15 
6 

17 
9 

20 
12 

5 
2 

3 
3 

15 
11 

17 
10 

9 

7 

9 
7 

Range 

10 

9 

8 

8 

3 

0 

h 

7 

2 

2 

Avg.  Tot. 

Defl. 

11 

lU 

17 

25 

h 

5 

16 

22 

8 

lU 

MaximuM 

A-U 

Uinintum 

18 
7 

16 
12 

26 
10 

30 
20 

6 
2 

5 
U 

20 
10 

25 
18 

10 
3 

19 
12 

Range 

11 

u 

16 

10 

u 

1 

10 

7 

7 

7 

Avg.  Tot< 

,  Defl. 

.  12 

1$ 

17 

22 

u 

U 

16 

21 

9 

13 

llaxinrum 

16 

27 

2U 

3U 

6 

6 

20 

3l4 

10 

17 

A-6 

Minimum 

U 

8 

13 

15 

2 

3 

12 

lU 

8 

10 

Range 

12 

19 

11 

19 

u 

3 

8 

20 

2 

7 

Over-all  Average 

10 

12 

15 

20 

3 

h 

lU 

18 

8 

11 

I 
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TABLE  31 

Relationship  Between  Surface  Thickness  and  Deflectioa 

CQmbine<fTm~ani  19601?ata 

Total  Deflection,  0.001  inch 

Soil     Recording  Pto             1                   2                   3  h  f 

Type     Surf.  Thiekn.         $/    $-        $/    g-        5/    5-  5/    5-  >/    b- 

Avg.  Tot.  Defl.       8      9        13     16          $      $  13     l5  8      9 

Maxii»uiii        16  16    18  21    8  10  16  20  10  13 

Minimum          2   6    10  11     1   1  11  12  5   5 

Range                        lUlO          8     10          79  58  58 

Avg.  Tot.  Defl.  10   9    16  17    5   U  l5  l5  9   9 

Maximum         19  l5    26  20     8   7  22  20  12  12 

16          9    12          22  11      8  67 


A-1 


A-2 


A-U 


A-6 


Minimum  i 
Range 


18   9    17   8     6   5    11  12     (>      ^ 


Avg,  Tot.  Defl.  13  15    20  26    6   6    18  23    10  lU 

Maximtim 

Minimum 

Range  17   7    22  16    12   6    13   8    11   7 


2U  19    32  36    Ih  10    23  26    lit  19 
7  12    10  20     2   1    10  18     3  12 


Avg.  Tot.  Defl.  11  16    23  23     5   6    18  23    10  13 

Maximum 

Minimum 

Range  12  19    19  19     7   5    13  20     6   7 


16  27    32  3U    9   8    25  3U    lU  17 
U   8    13  15    2   3    12  lU    8  10 


Over-all  Average      11  12    18  20     5   5    16  19     9  11 


I 


I 
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APPENDIX  B 
Statistical  Model  Example  for  Analysis  of  Variance 


I 
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Statistical  Model  Example  for  Analysis  of  Variance 
The  statistical  model  presented  here  is  for  the  analysis  of  vari- 
ance of  the  19^9  and  I960  total  deflection  values.  Models  for  all  the 
other  analyses  presented  in  this  thesis  would  be  identical  expept  for 
the  name  and  niimber  of  factors  o 
Model: 

Yi  j  k  Im  =  M^^.+^;-h(-.^X.j^XA^('^y;^^ 

u,  constant 

e^,   soil  type,  i  =  1  to  h,  fixed 
^  ,  lane ,  j  -  1  to  2 ,  fixed 
^  ,  crack  frequency  level,  k  =  1  to  2,  fixed 
C  ,  surface  thickness  level,  1  =  1  to  2,  fixed 
C  ,  variable,  ra  =  1  to  U,  fixed 
To  find  the  mean  squares  of  each  factor,  procedures  presented  in  refer- 
ence 27  were  used.  The  error  mean  square  of  (•  m(ijkl)  was  used  to  test 
for  significance  the  mean  squares  of  all  the  other  factors. 

Complete  results  of  the  mean  square  calculations  and  the  subsequent 
F  tests  for  significance  are  shown  in  Table  32. 

The  assumption  is  made  that  the  standard  deviations  of  the  data 
within  a  certain  factor  are  similar  enough  to  be  homogeneous.  This  is 
a  valid  assumption  since  the  variability  of  all  deflection  measurements 
of  a  particular  type  to  be  analysed  (total,  subgrade,  subbase,  or  base) 


i 


ft 
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should  not  be  affected  by  crack  frequency,  subgrade  type,  surface  thick- 
ness.  or  wheel  loado  If  the  data  were  analysed  so  as  to  compare  total 
versus  subbase  or  other  similar  comparisons,  the  assumption  may  not  be 
valid  o 


i 


i 


4 


i2i 


o 

c 

CO 


e 


>? 


1 


to 


g 


a>  o 


^  a 

o  a> 

n  ^co 

to  to 


I 


V4 

o 

CO 


H  H  H  H 


5^.g°.esgg^g§^^.^. 


o  o 


o  o 
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APPENDIX  C 

Supplemental  Stress ,  Deflection  Factor, 
and  Modulus  Calculations 
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TABLE  33 

Centerline  Stress  and  Deflection  Factors  Under 

6000  lb.  Dual  Wheel 

Depth 
(inches) 

0 

Depth 
(radii) 

%   Stress  %   Stress 
One  Wheel  Two  Wheels 

CL  Stress 
(psi) 

Deflection  Factor,  F 
F        F 
One  Wheel    Ol 

0 

0 

0 

0 

.36 

.72 

2.5 

.73 

2.3 

U.6 

3o7 

- 

- 

5.0 

1.U5 

6.3 

12.6 

10.1 

.liO 

o80 

9.0 

2.60 

6.7 

13. U 

10.7 

- 

- 

13.0 

3.77 

5.5 

11.0 

8.8 

.31 

.62 

16.5 

U.80 

U.2 

8.U 

6.7 

- 

- 

20.0 

5.80 

3.1 

6.2 

5.0 

.22 

.uu 

23o5 

6.80 

2.3 

U.6 

3o7 

- 

mm 

25.5 

7.U0 

2ol 

U«2 

3.U 

- 

- 

27.0 

7.80 

2.0 

It.O 

3.2 

.17 

.3U 

31.0 

9.00 

1.5 

3.0 

2.U 

.16 

.32 

Dual  Wheel  Loads   6000  lbs.      ^ 
Contact  Area,  each  tire  =  37.5  in.       ,  ,  t-  . 
Radius,  equivalent  circular  tire  imprint  -  3.Ui)  m. 
Offset,  to  Ct,  in  radii  -   6.75/3.U5  =  1.96   2 
Contact  Pressure:  80  psi 
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TABLE  3U 


Centerllne  Stress  and  Deflection  Factors  Under  9, 2^0  lb.  Dual  Wheel 

Deflection  Factor,  F 
Depth    Depth  %   Stress  %   Stress  (i  Stress     F        F 
(Inches)  (radii)  One  Wheel  Two  Wheels   (psl)    One  Wheel    Qj 


0 

0 

0 

0 

0 

2.5 

.58 

6.5 

13.0 

10. U 

5.0 

1.17 

12.0 

21;. 0 

19.2 

9.0 

2.10 

11.6 

23.2 

18.6 

13.0 

3.0U 

8.5 

17.0 

13.6 

16.5 

3.85 

6.2 

12  .U 

9.9 

20.0 

U.67 

5.0 

10.0 

8.0 

23.5 

5.U8 

3.8 

n*6 

6.1 

25.5 

5.96 

3.2 

6.k 

5.1 

27.0 

6.30 

3.0 

6.0 

U.8 

31.0 

7.2U 

2.2 

k,h 

3.5 

.52 


.53 


.36 


.26 


.21 

.18 


I.OU 


1.06 


.72 


.52 


.U2 
.36 


Dual  Wheel  Load:  9,250  lbs. 

Contact  Area,  each  tire  =  57.8  in. 

Raditia,  equivalent  circular  tire  imprint  "1.29  inches 

Offset,  to  (L  ,  in  radii  =  6.75A.29  =  1.57  1.5 

Contact  Pressure:  80  psi 
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TABLE  3$ 

Centerllne  Stress  and  Deflection  Factors  Under  11,2$0  lb.  Dual  Wheel 

Deflection  Factor,  F 
Depth     Depth  %   Stress  %   Stress  Cl  Stress      F        F 
(inches)  (radii)  One  Wheel  Two  Wheels   (psi)     One  Wheel    Q, 

.52     l.OU 


.$h  1.08 


.m      .82 


.30      .60 


0 

0 

0 

0 

0 

2.5 

.53 

6.5 

13.0 

10. U 

5.0 

1.05 

11.8 

23.6 

18.9 

9.0 

1.90 

12.1 

21.2 

19.3 

13.0 

2.75 

10.0 

20.0 

16.0 

16.5 

3.U9 

7.6 

15.2 

12.1 

20.0 

U.22 

5.5 

11.0 

8.8 

23.5 

14.96 

U.3 

8.6 

6.9 

25.5 

5.38 

U.o 

8.0 

6.U 

27.0 

5.70 

3.U 

6.8 

5.U 

31.0 

6.5U 

2.8 

5.6 

U.5 

.23      .U6 
.21      .U2 


Dual  Wheel  Load:  11,250  lbs. 

Contact  Area,  each  tire  =  70.3  in.^ 

Radius,  equivalent  circular  tire  imprint  =  U.7U  inches 

Offset,  to  Ol,  in  radii,"  6.75A.7U  =  1.U3     1.5 

Contact  Pressuz^t     80  psi 
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TABLE  36 


Centerline  Stress  and  Deflection  Factors  Under  13,390  lb«  Dual  Wheel 

Deflection  Factor,  F 
Depth     Depth  %   Stress  %   Stress  CL  Stress      F        F 
(inches)  (radii)  One  Wheel  Two  Wheels   (psi)    One  Wheel     Ct 


0 

0 

0 

0 

0 

.63 

1.26 

2.5 

.h8 

13.2 

26.U 

21.1 

- 

- 

5.0 

.97 

20.0 

Uo.o 

31.9 

.62 

1.2U 

9.0 

1.7U 

16.3 

32.6 

2U.5 

- 

- 

13.0 

2.52 

11.6 

23.2 

18.5 

M 

.88 

16.5 

3.19 

9.1 

18.2 

lU.5 

- 

- 

20.0 

3.87 

7.0 

lii.O 

11.2 

.32 

.61; 

23.5 

U.16 

6.3 

12.6 

10.1 

- 

- 

25.5 

h.9U 

U.6 

9.2 

7.U 

- 

- 

27.0 

5.2U 

b.h 

8.8 

7.0 

.26 

.52 

31.0 

6.01 

3.2 

6.U 

5.1 

.23 

.U6 

Dual  Wheel  Loadt  13,390  lbs. 

Contact  Area,  each  tire  =  83.5  in. ^ 

Radius,  equivalent  circular  tire  imprint  =  5.16  inches 

Offset,  to  Ci,,  in  radii  =  6.75/5.16  =  1.31  1.25 

Contact  Pressure:  80  psi 
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Elastic  Modulus  Calculation  Procedures 

Subgrade  Modulus 
Table  37  sxiinmarizea  the  data  required  for  the  modulus  calculations, 

TABLE  37 

Subgrade  Modulus  Calculation  Data,  Depth  20  Inches 

Dual  mieel       Deflection      Tire  Imprint    Contact  Pressure 
Load,  lbs.     Factor,  F20  to««»  Radius,  a,  inches      psi 


6,000  .hk  3.U5  80 

11,250  .60  U.7U  80 

13,390         .6U  5.16  80 

Using  equation  8,  and  solving  for  subgrade  modulus,  E^,  then 

^3  *  ^  ^20  to-o 

where  S  is  the  recorded  deflection  of  hole  number  3  (interface  of  sub- 
grade  and  subbase).  Substituting  the  values  from  Table  Ul  in  equation 
11,  the  folloirlng  equations  for  subgrade  modulus  are  obtained  1 

6,000  lb.  wheel  load,  E,  =  80  x  3.U5  x  .Uiib./in.  -  Hl^      12 

J       s  s 

11,250  lb.  wheel  load,  E3  =  80  x  k.^lh  x   .60^^./^.  =  227^  13 

13,390  lb.  wheel  load,  E,  =  80^1lMjc_^§klb./in.  =  i^lhl  lU 

-*        S  S 

Subgrade  modulus  can  then  be  obtained  by  substituting  deflection 
values  obtained  at  hole  3  (Table  9)  in  equations  12,  13,  and  lh» 


1S9 


Subbase  Modulus 
Table  38  summarizes  the  data  required  for  the  modulus  calculations. 
Using  equation  9,  and  solving  for  subbase  modulus,  E^,  then 

E2«£3^(^13to*o-F20to..)  "-^ 

where  S  is  the  recorded  deflection  of  the  subbase  (deflection  at  hole 
number  2  minus  that  recorded  at  hole  number  3).  Substituting  values 
from  Table  38  in  equation  iS,   the  following  equations  for  subgrade  mod- 
ulus are  obtained: 

6,000  lb.  wheel  load,  Ej  =  80  x  3.U$  x  .iS^b./jn.  =  ii|^b./ln.  l6 

11,250  lb.  wheel  load,  Eg  =  ^^JiJhJk^-l^l^./in,   =  ^:lilh./ln,     17 
'  S  " 

13,390  lb.  wheel  load,  Eg  =  ^JillliiL-t^kib . /in .  =  21:h.h./in,     18 

Subbase  modulus  can  then  be  obtained  by  substituting  subbase  deflection 
values  (Table  10)  in  equations  16,  17,  and  18, 

Base  Course  Modulus 
Table  39  summarizes  the  data  required  for  the  modulus  calculations. 
Using  equation  10,  and  solving  for  base  course  modulus,  E^,  then 


19 


where  S  is  the  recorded  deflection  of  the  base  course  (deflection  re- 
corded at  hole  number  1  minus  that  recorded  at  hole  number  2).  Substi- 
tuting the  values  from  Table  39  in  equation  19,  the  following  equations 
for  base  course  modulus  are  obtained: 
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6,000  lb.  wheel  load,  E.  =  80  x  3.U$  x  .l8ib./in.  »  h^llh./ln.       20 

11,250  lb.  wheel  load,  E.  =  80  x  U.7U  x   .2^b./in.  -  21:2lb./in.   21 

13,390  lb.  wheel  load,  E^^  =  80  x  $.16  x  .32ib./in.  =  ^^i^b./in.  22 

Base  course  modulus  can  then  be  obtained  by  substituting  base  course 
deflection  values  (Table  10)  in  equations  20,  21,  and  22 )« 

Moduli  Values  Calculated  from  Offset  Deflections 
The  procedures  used  to  calculate  the  elastic  moduli  of  the  sub- 
grade,  subbase,  and  base  course  using  offset  deflections  are  identical 
to  those  just  presented.  However,  the  deflection  factors  mwst  be 
found  for  the  proper  offset  distances.  A  suamiary  of  the  data  required 
for  the  calculations  is  shown  in  Table  Uo. 
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TABLE  lit 
Offset  Deflection  Data  Layered  System  Study 


Deflection,    .( 

DOl  inch 

Hole  1 

Hole  2 

Hole  3 

Rear  Axle 

Surface 

Base 

Subbase 

Subgrade 

Station 

Load.  Ibso 

1  ft. 

2  ft. 

1  ft. 

2  ft. 

1  ft. 

2  ft. 

1  ft.  2  ft. 

6,000 

2o8 

Oc9 

3.7 

0.9 

Uo6 

0.9 

2.8     0.9 

30U 

11,2$0 

7.U 

3.7 

7.U 

3.7 

6.5 

2„8 

7.U     2.8 

13,390 

9.3 

5.6 

7.U 

3.7 

7.h 

5.6 

7.U     U.6 

6,000 

3.7 

0.9 

3.7 

1.9 

3o7 

1.9 

2.8     1.9 

275 

11,200 

5.6 

2.8 

7.U 

3.7 

7.h 

U.6 

5.6    3.7 

13,390 

9.3 

1,6 

11.1 

U.6 

11.1 

3,5 

7.U    U.6 

6,000 

2,8 

0.9 

h.6 

1.9 

3.7 

1.9 

2.8     1.9 

2U9 

11,2$0 

7ol. 

3.7 

7.U 

3.7 

7.U 

3.7 

5.6     3.7 
8.3     U.6 

13,390 

8o3 

2.8 

7.U 

2.8 

9.3 

3.7 

6,000 

0 

0 

2.8 

0.9 

2.8 

0.9 

1.9    0.9 

U60 

.11,250 

7.U 

2.8 

Uo6 

2.8 

7.U 

2.8 

U.6    2.8 

13,390 

7.U 

2.8 

7.U 

2.8 

7.U 

2.8 

3.7    3o7 

6,000 

Uo6 

1.9 

6.5 

2.8 

U.6 

2.8 

3.7    2.8 

U38 

11,250 

5o6 

2.8 

5.6 

3.7 

U.6 

2.8 

3.7    2.8 

13,390 

7.U 

2.8 

^.6 

2.8 

6.5 

3c7 

U.6    2.8 

6,000 

6.5 

3.7 

U,6 

3.7 

6.5 

Uo6 

U.6    3.7 

U26 

11,250 

5,6 

2.8 

5.6 

2.8 

7.U 

3.7 

U.6    2.8 

13,390 

7.U 

h.6 

8.3 

h.6 

7.h 

3.7 

6.5    U.6 

APPENDIX  D 

Results  of  Routine  Standard  Testa  on 

Subgrade ,   Subbase,  and  Surface  Samples 
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TABLE  I42 

Atterburg  Limits ,  Subgrade  Samples 

Depth  from    Liquid  Limit  Plastic  Limit  Plasticity  Index 

Station  Surface,  in.     LL,  % P^f  % ■■■  * 

25.U         17.5  J-9 

U7o3        27.8  19.5 

31.0        16.1  ^'9 

35.6        15.3  20.3 


3U7 

23  - 

51 

51  - 

75 

2U9 

23  - 

6U 

6U  - 

80 

30U 

23  - 

•  U3 

U3  - 

•  52 

52  - 

•  70 

70  - 

■  80 

275 

23  - 

■  U8 

U8  - 

•  72 

72  - 

.  80 

U60 

23  ■ 

-  3U 

3U  • 

-  U8 

U8  • 

-  66 

66  • 

-  80 

U53 

23  ■ 

-  31 

31 

-  35 

U26 

21 

-25 

25 

-  31 

U38 

2U 

-  32 

32 

-  36 

36 

-  U5 

U5 

-  66 

66 

-  76 

31.2 
31.7 
19.9 


20.7  10'5 

18.1  13.6 

15.7  ^^-2 

3U'.7        22.8  11.9 

23.0  17.2  5.8 
UO.O  16.9  23.1 
3h.9        20.U  1U.5 

26.1  lfi-2  7.9 
25.9        16.0  9.9 

25.5  18.5  7.0 

28.6  19.7  8.9 


NP 

NP 


NP 
NP 
19.2 


MP  NP 

HP  NP 


21.U        l5o7  5«7 

22.5       15.6         6.9 


NP  NP 

NP  NP_ 


18.8         O.U 
28.0        18.1  9.9 

20.U        17.2  3.2 


t 
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TABLE  U3 
Moisture  Content  and  Dry  Density,  Depth  80  Inches 


Station 

Moisture  Content 
Percent 

Dry  Density 
Iba/ft^ 

2U9 

12.8 

120.0 

30U 

15.3 

llii.li 

275 

9.3 

117.5 

U60 

18.6 

118.  U 
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SAMPLES  ,  STATION    347 


1U5 


10  20  40  80  100  200 

SIEVE     SIZE      (LOG.  SCALE) 


FIG.44    SIEVE    ANALYSIS   SUBBASE 
SAMPLES,  STATION  249 
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FIG. 45    SIEVE  ANALYSIS     SUBBASE 
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FIG47    SIEVE    ANALYSIS  SUBBASE 
SAMPLES,     STATION     453 


fl*9= 


4  10  20  40  80  100  200 

SIEVE        SIZE      (LOG.  SCALE) 


FIG. 48  SIEVE   ANALYSIS     SUBBASE 
SAMPLES  ,  STATION  426 
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TABLE  UU 
Average  Bulk  Density,  Cores,  in  lbs. /ft .3 


Station 

Crack 
Frequency 

Total 

Core 
Surface 

Component 
Binder 

Base 

3U7 

High 

lUl.3 

1U3.5 

lUl.U 

1U8.6 

21x9 

Low 

lUl.7 

lUo.i 

139.U 

IUI4.6 

30U 

High 

IU^.3 

lUi.i 

U3.5 

lU8o7 

275 

Low 

lh2.0 

llil.8 

II4I.3 

lUi.6 

U60 

High 

lU3o6 

ll;3.0 

lUl.2 

lhh.6 

U$3 

Low 

1U2.2 

lUO.3 

136.0 

ll;5.1i 

ii26 

High 

lU0o9 

139.6 

lUl.3 

lli3.0 

U38 

Low 

lUl.9 

136.0 

lliO.l 

lUh.8 

15^ 


TABLE  U$ 
Average  Percent  Asphalt ,  Core  Layers 


Station 

Frequency 

Surface 

Core  Component 
Binder 

Base 

3U7 

High 

6.2 

6.2 

h.? 

2U9 

Loir 

6oO 

U.9 

li,l 

30li 

High 

6.2 

5.2 

U.5 

275 

Low 

6.3 

5.1 

l.l 

li60 

High 

6.U 

U.9 

U.2 

ii53 

Low 

6,U 

5oO 

U.5 

U26 

High 

?.9 

5.1 

5.1 

U38 

Low 

6.2  ■ 

5.9 

Uo5 

APPENDIX  E 
Surface  Core  and  Plate  Load  Tests 
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SURFACE  CORE  AND  PLATE  LOAD  TESTS 

Triaxial  Tests 

Triaxial  tests  were  run  on  most  of  the  32  cores  removed  from  the 
test  road.  Equipment  developed  by  Schaub  (27)  was  used  for  the  triaxial 
test  program.  This  equipment  included  a  constant  temperature  rocm,  a 
loading  frame,  and  triaxial  testing  equipment  permitting  a  range  of  lat- 
eral pressures. 

Total  axial  strain  was  measured  with  a  0.01  mm  dial  gauge.  Strains 
of  the  individual  layers  of  the  core  (surface,  binder,  and  base)  were 
measured  with  a  model  M911  Cathetometer,  manufactured  by  the  Gaertner 
Scientific  Corporation,  Chicago,  Illinois.  This  device,  similar  to  a 
surveyor's  level,  measures  differences  in  elevation  to  the  nearest 
.0^  mm. 

Preparation  of  Specimens  for  Testing 
A  small  portion  of  the  bottom  of  each  core  was  sawed  off  to  provide 
a  smooth,  level  surface  for  testing.  Next,  the  interfaces  of  the  sur- 
face and  binder  and  of  the  binder  and  base  were  marked  with  red  paint. 
The  purpose  of  these  marks  was  to  provide  a  target  for  the  cathetometer 
for  making  strain  measurements  of  the  individual  layers.  After  marking, 
the  cores  were  all  stored  in  the  constant  temperature  room  until  tjjne 
for  testing. 
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Test  Procedures  and  Results 
All  tests  were  of  the  "quick"  undrained  type.  Loads  were  applied 
in  increments  of  10  psi  up  to  50  psi  and  then  in  increments  of  20  psi 
until  the  "proportional"  or  elastic  limit  was  reached.  The  time  inter- 
val between  load  increments  was  the  time  required  for  the  axial  strain 
dial  to  stop  all  practical  movement,  or  five  minutes,  whichever  came 
first.  Movement  of  the  layer  interfaces  was  measured  with  the  catheto- 

meter. 

Figure  50  shows  all  of  the  test  equipment  in  operation.  A  flash- 
light was  used  to  provide  sufficient  light  to  view  the  mark  indicating 
each  layer  through  the  cathetometer. 

Stress-Strain  Relationships.  Table  U6   summarizes  the  stress-strain 
relationships  of  each  specimen  and  of  its  components.  A  typical  set  of 
data  in  graph  form  is  shown  in  Figure  51.   From  this  type  of  curve,  a 
modulus  of  elasticity  value  was  estimated  for  each  core  and  its  layers. 
The  modulus  of  elasticity  was  defined  as  the  deviator  stress  at  the  pro- 
portional limit  divided  by  the  axial  strain  at  that  point.  The  strain 
used  for  this  computation  was  corrected  for  the  intercept  of  the  straight 
line  portion  of  the  stress-strain  curve  with  the  strain  axis. 

Statistical  Analysis.   A  two-way  classification  analysis  of  vari- 
ance was  perfonned  on  the  moduli  values  of  the  cores  and  their  layers. 
Significance  of  a  factor  was  determined  by  an  F  test  at  .05  and  .01 
levels.  For  the  difference  in  moduli  values  as  produced  by  the  various 
layers,  the  Tukey  method  for  determining  a  studentized  range  allowance 
for  a  set  of  means  was  applied  (21).  Table  47  presents  the  moduli 
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FIG.5I     STRESS  vs  STRAIN  -  CORE  3,STN.249 
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Table  47.  Moduli  of  Elasticity  Values  from  Core  Triaxial  Tests 
in  10-^  psi 


f 

C-1 
Potal  Core 

C-2 
Surface 

C-3 
Binder 

c-b 

Base 

Totals 

15.3 

7.3 

33.2 

2I4.I 

80.0 

13.0 

7.3 

27.8 

15.0 

63.1 

17.1 

8.2 

I45.8 

13.9 

85.0 

Low 

Crack 

Frequency 

11. U 

20.6 

7.U 
6.5 

21.6 
33. U 

12.2 
11.6 

52.6 

537.9 
72.1 

B-1 

15.0 

6.ii 

20.0 

19.6 

61.0 

12.7 

3.6 

15.2 

23.8 

55.3 

18.2 

6.7 

19.3 

2U.6 

68.8 

10.8 

3.6 

20.2 

10.1 

UI4.7 

15.0 

8.2 

23.6 

17.7 

6U.5 

10. U 

6.2 

15.5 

12.0 

Uh.l 

High 

Crack 

Frequency 

6,8 
lh,l 

6.0 
12.1 

5.1' 

8.6 

7.8 
17.6 

25.7 

U20.5 
52. U 

B-2 

9.8 

6c6 

27.7 

6.2 

50.3 

15.0 

5.7 

li2.8 

17.2 

80.7 

13.5 

6.6 

21.3 

16.7 

58.1 

Totals    218.7     108.5      381.1     250.1    958. U 


im 


values  arranged  for  the  analysis  of  variance.  Table  48  svunmarizes  the 
results  of  the  analysis  of  variance. 

Table  48.  Analysis  of  Variance  Results  of  Core  Moduli  of  Elasticity 

Values 


Source  of 
Variation 

SS 

df 

US 

F 

^01 

^05 

Signi. 

Layer,  C 

2359.78 

2 

1179.89 

29.95 

U.98 

3.15 

.01  level 

Crack 
Frequency, 

B  215.36 

1 

215.36 

5.U1 

7.08 

U.oo 

.05  level 

C  X  B 

96.72 

h 

2U.18 

0.61 

3.65 

2.53 

NS 

Error 

2231.02 

56 

39. 8U 

- 

- 

- 

- 

Total 

U902.88 

63 

- 

- 

- 

- 

- 

The  results  indicate  that  core  layer  affected  the  moduli  values  at 
the  .01  level  and  that  crack  frequency  affected  the  moduli  values  at  the 
.05  level.  In  order  to  determine  which  core  layers  produced  moduli  of 
elasticity  values  significantly  different  from  the  other  layers,  the 
previously  mentioned  Tukey  method  was  applied.  The  average  moduli 
values  for  the  four  components  werei 

Entire  core,  2l8.7/l6  =  13.7  x  10^  psi 

Surface,     108,5/l6  »  6.8  x  10^  psi 

Binder,  38l.l/l6  =  23.8  x  103  psi 

Base,       250.1/16  -   l5.6  x  10^  psi 
The  statistical  data  required  for  the  Tukey  analysis  aret 

EMS  (error  mean  square)     =  39. 8U 

n  =  df  (degrees  of  freedom)  =  56 

g  (number  of  data  groups)   -  I4 
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m  (number  of  items  in  group)  ■  16 

q  (studentized  range  coefficient  for  g  =  U  and  n  -  56 

at  the  .0?  level)  =  3.7U 
RF  (range  factor)  -  qv/MS/m  =  3o7U/39T8U7i6  -  5.9 

Applying  the  range  factor  to  the  ranges  of  the  average  elasticity 

values  of  the  core  layer  groups  t 

Entire  core,  Surface j  13.7  -  6.8  =  6.9  5.9  significant 
Entire  core,  Basej  15.6  -  13.7  =  1.9  5.9  not  significant 
Base,  Binder;  23o8  -  l5.6  =  8.2  5.9  significant 

On  this  basis,  all  groups  can  be  distinguished  from  each  other  except 

entire  core  values  frcan  base  values » 

Ductility  and  Penetration 
Ductility  and  penetration  tests  were  run  on  the  asphalt  extracted 
from  the  core  layers.  The  tests  were  performed  in  accordance  with 
"Standard  Method  of  Test  for  Ductility  of  Bituminous  Materials,"  ASTM 
Designation:  D113-U4  and  "Standard  Method  of  Test  for  Penetration  of 
Bituminous  Materials,"  ASTM  Designation!  D5-52,  with  the  exceptions 
that  a  high  vacuum  grease  was  used  to  lubricate  the  ductility  mold 
base  plates  and  a  constant  temperature  oven  set  at  280°  F  was  used  to 
heat  the  asphalt  before  pouring  it  into  the  ductility  molds.  The 
results  of  these  tests  are  presented  in  Table  49 o 

Plate  Load  Tests 
The  Indiana  State  Highway  Department  conducted  plate  load  testa 
on  the  different  pavement  layers  during  the  constjruction  of  the  road 
in  1953,  Two  years  later,  in  1955,  plate  load  tests  were  run  on  the 
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Table  49.  Average  Ductility,  cms,  and  Penetration,  .Imm,  Core  Layers 


Station 

Crack 
Frequency 

Surface 
Penec.  Duct. 

Core  Component 
Binder 
Pene.  Duct. 

Base 
Pene.  Duct. 

347 

High 

29 

8 

39 

22 

42 

34 

249 

Low 

27 

7 

30 

12 

35 

22 

304 

High 

28 

7 

35 

29 

41 

39 

275 

Low 

28 

6 

34 

14 

41 

30 

460 

High 

33 

12 

40 

24 

41 

36 

453 

Low 

29 

7 

29 

9 

32 

14 

426 

High 

22 

5 

28 

10 

31 

19 

438 

Low 

22 

6 

28 

13 

33 

17 
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pavement  sxirface.  Eight  different  locations  were  tested  covering  three 
of  the  four  basic  soil  types.  These  locations  did  not  include  any  of 
the  locations  included  in  the  deflection  studies. 

The  tests  on  the  sub grade  and  subbase  were  run  in  a  confined  con- 
dition, that  is  a  surcharge  weight  of  the  subgrade  and  subbase,  and 
base  courses  respectively.  Plate  load  tests  on  the  base  course  and 
surface  were  made  in  an  unconfined  condition.  A  twelve  inch  plate  was 
used  for  most  of  the  tests  run  and  for  all  of  the  tests  discussed  here. 

Modulus  of  Elasticity 
Moduli  of  elasticity  values  were  computed  from  test  data  obtained 
during  the  construction  period.   In  this  case,  since  individual  layer 
deflections  were  not  known,  two  and  three  layer  analyses  developed  by 
Burmister  (2^)  were  used.  The  moduli  values  were  all  computed  at  a 
settlement  of  0,05  inches  in  order  to  conform  as  nearly  as  possible 
to  the  deflections  found  in  the  deflection  study.  The  results  of  these 
calculations  are  presented  in  Table  50. 

Bearing  Pressure  Comparison 
Tests  made  on  the  surface  after  two  years  of  traffic  indicate  a 
general  increase  in  strength.  Table  51  compares  surface  bearing 
pressures  of  tests  taken  in  1953  and  1955.   It  is  believed  that  most 
of  the  bearing  pressure  increase  was  due  to  increase  in  subrade 
strength.  This  is  borne  out  by  the  results  showing  the  smallest  in- 
crease in  bearing  pressure  over  an  A-1  subgrade. 
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Table  533,  Comparison  of  1953  and  1955  Plate  Load  Test  Data 


Station 

Soil  Type 

Avg. 

,  Surface 
1953 

Bearing 

1955 

Pressure,  psl  @  .05  inch 
%   Increase 

215 

A-6 

85 

11^3 

68 

26U 

A-U 

65 

109 

68 

392 

A-h 

U9 

112 

127 

U35 

A-1 

90 

135 

50 

